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Information contained in this manual is for training purposes and should not be 
followed if it conflicts with directive type information such as Technical Orders. 


Whenever a conflict is noted, a recommendation for a change to this manual 
should be forwarded directly to the Commander, 3300th Training Publications 
Squadron, 216 Buder Building, 707 Market Street, St. Louis 1, Missouri. 
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FOREWORD 

1. PURPOSE AND SCOPE. This manual is published to serve as a training text for the repairman 
and technician. It covers the field of radio transmitters thoroughly enough to enable the student 
to understand the operation, repair, and adjustment of simple communications transmitters. The 
information contained in the manual also gives the student an adequate background for studying 
specific Air Force transmitters. 

2. CONTENTS. ‘This manual begins with a general discussion of radio communication. This is 
followed by explanations of the general theory of oscillators and the operation of all the common 
types of oscillators used in communications transmitters. It then proceeds with descriptions of 
basic transmitter circuits, and modulation and control systems. The manual! ends with discussions 
of the operation and use of test and auxiliary equipment. 
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introduction 


Communications networks are a part of every Air Force organization. 
These networks may be from point to point (between ground stations), 
from air to ground, or from air to air. 


A radio transmitter is one half of a radio communications network — 
the other half is the radio receiver. Both are equally important. 


Generally, transmitters are classified according to use and taught as 
a part of either airborne equipment or ground equipment. Graduates 
in the airborne field include Electronic Communications Equipment 
Repairmen and Electronic Navigation Equipment Repairmen. Grad- 
uates in the ground equipment maintenance field include Radio Re- 
pairmen and Radio Technicians. 


This manual serves as a basic text for all four. It supplies the general 
background knowledge that applies to all transmitters — airborne or 
ground. In fact, much of the theory contained in this manual also applies 
to types of communication other than voice radio, such as facsimile, 
teletypewriter, and wire (telephone). 


A good background knowledge of the theory of operation of trans- 
mitters, as presented in this manual, will greatly simplify your study of 
the theory of operation of specific airborne and ground transmitters. 
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The job of radio is to carry information 
quickly, clearly, and accurately from one 
place to another. This information — tech- 
nically called intelligence —- may consist of 
the human voice, music, pictures, other sights 
and sounds, or just interruptions of the radio 
signal. To send intelligence from one place 
to another — or to many others — radio 
makes varied use of electricity. It uses DC, 
both steady and pulsating. It uses AC of 
various frequencies — power frequency, audio 
frequency, and radio frequency. It uses a 
great variety of electron tubes and circuit 
components, combined into many different 
kinds of circuits — amplifier circuits, oscillator 
circuits, detector circuits, and so on. 


Each of these circuits performs a definite 
function. But none of the circuits is an end 
in itself. All of them have one chief purpose — 
to help radio perform its job of conveying intel- 
ligence from one place to another. To do this, 
the different circuits are incorporated in two 
major types of units — transmitters and re- 
ceivers. Transmitters send out the _ intelli- 
gence, and receivers intercept it. Between the 
two, the intelligence rides on radio waves. 


This is the story in a nutshell. To look into 
it more closely and to see how radio works, 
consider first the radio waves that carry the 
intelligence. 


RADIO WAVES 


As you know, any alternating current can 
be regarded as having a waveshape. You can 
see this waveshape on an oscilloscope, and 


you can measure it by means of the calibra- 
tions on the face of the scope. ‘The same can 
be done with radio waves. Radio waves differ 
from other AC waves only in frequency — 
the number of cycles per second. This one 
difference, though, makes possible the wire- 
less transmission of intelligence. That is why 
the higher AC frequencies are called RF — 
radio frequencies. 


At power frequencies and at audio frequen- 
cies, distant radiation is not practical. Though 
AC of any frequency sets up its own magnetic 
and electric field, the fields set up at power 
and audio frequencies are effective only over 
very short distances. They make transformer 
action possible and make shielding a neces- 
sity, but they cannot be used effectively for 
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long distance radio transmission. Attenua- 
tion — reduction of signal strength — is too 
great at those frequencies, and efficient an- 
tennas to radiate those frequencies are very 
difficult to set up. The wavelength of these 
frequencies is too great. 


You recall that the formula for wavelength 
(\) in meters 1s, 
os 300,000,000 (meters) 
Frequency (in cycles) 
The 300,000,000 meters in the formula, of 
course, is the distance traveled by electrical 
waves in one second. Dividing this by the 
frequency (the number of cycles per second) 
will give you the length of a single cycle — 
that is, the wavelength of that frequency. 
Now consider the wavelength of a fairly high 
audio frequency, for example, 5000 cycles. 
By means of the formula, you can see that, 


300,000,000 
5000 


To radiate any frequency effectively, as you 
will learn later in detail, the antenna must be 


Wavelength = = 60,000 meters 


an appreciable fraction of the wavelength. 
With a wavelength of 60,000 meters, even a 
quarterwave antenna would have to be 15,000 
meters, or over 9 miles long! Obviously, it is 
not practical to transmit at a frequency of 
5000 cps. 


For effective transmission over relatively 
long distances, higher frequencies are used. 
Even these frequencies, however, differ con- 
siderably in their efficiency of transmission, 
depending on the paths they take when they 
are radiated from the antenna. 


Ground Waves and Sky Waves 


When radio waves are radiated from an 
antenna, they can take an infinite number of 
paths. In general, though, these paths can 
be divided into two broad groups — sky paths 
and ground paths. Radio waves are classified 
according to the general path they follow. 
Those waves which travel along the surface 
of the earth are called ground waves; those 
which travel skyward are called sky waves. 
Ground waves, in turn, can be further divided 
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into three groups — surface waves, direct 
waves, and ground-reflected waves. 


Surface waves are those which follow closely 
the surface of the earth. Their attenuation 
varies in inverse proportion to the conduc- 
tivity of the terrain. Note in the conductivity 
table that there is quite a difference between 
types of terrain. Jungle, for example, is listed 
as unsuitable, while sea water is good. 


Direct waves are those which travel through 
the air in a straight line from the transmitting 
antenna to the receiving antenna. 


Ground-reflected waves are those radio waves 
which, in the course of their travel, strike the 
ground and are reflected upward. From the 
point where they strike the earth, they may 
travel directly to the receiving antenna, or 
they may travel skyward. In this latter case, 
they act as sky waves. 


Sky waves are those which travel upward 
through the atmosphere. High above the earth 
they encounter the ionosphere, layers of gases 
ionized by the ultraviolet rays of the sun. 
The layers of the ionosphere lie 30 to 250 
miles above the surface of the earth. In passing 
through the ionized layers, waves are bent 
from their original courses. This is called 
refraction. The amount of bending is in in- 
verse proportion to the frequency of the waves. 
Refraction becomes important to radio when 
the bending is great enough to return the 
waves to earth. 


You can see, therefore, that radio waves 
differ considerably in the way they travel. 
Take, for example, radio waves of a lower 
frequency being radiated from a particular 
antenna. Some of these waves will be ground 
waves, traveling along the ground for several 
hundred miles before they are fully attenu- 
ated. Others will be sky waves. They will 
travel upward, enter the ionosphere, be re- 
turned to the earth, be reflected back to the 
ionosphere from the earth, and so on. These 
waves can encircle the earth. They are the 
waves that make possible extremely long 
distance transmission. The radio waves of 
the highest frequencies, on the other hand, 
have no usable surface waves, while their sky 
waves penetrate the ionosphere and are lost. 
At these frequencies, only line-of-sight (direct 


fresh water * 


Relative conductivity 


antenna-to-antenna) transmission is possible. 
The radio waves which have frequencies in 
between the highest and lowest show some 
of the characteristics of both, depending on 
their frequency and transmitting conditions. 


The Radio Frequency Spectrum 


The entire range of radio frequencies — 
called the radio frequency spectrum — has been 
divided into frequency bands. See page 4. 


The very low and the low frequency bands 
(10-300 kc) are used chiefly for long distance 
transmission, particularly for transoceanic 
service. The attenuation of these frequencies 
is always low, and their ground wave is stable, 
with little seasonal variation. 


In the medium frequency band (300-3000 kc), 
the lower frequencies are far more dependable 
than the higher ones. At the lower frequencies, 
the ground waves can be received up to 300 
or 400 miles, and the sky waves will travel 
for thousands of miles. At the higher frequen- 
cies, the ground waves can be received only for 
short distances, and the sky waves are de- 
pendable only at night, when they can be 
received at practically any distance from the 
transmitter. Only the lower half of the medium 
frequency band is widely used. The frequen- 
cies from 100-500 kc are used for marine 
communications, aircraft radio, and direc- 
tion finding; the frequencies from 550-1600 ke 
are used for commercial broadcasting. 


SKY WAVES 
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At frequencies in the high frequency band 
(3-30 mc), transmission depends chiefly on the 
sky waves rather than on the rapidly atten- 
uated ground wave. However, the sky waves 
at these frequencies are not always refracted 
from the ionosphere. This depends on the 
frequency and the condition of the ionosphere. 
Since conditions in the ionosphere change 
with the time of day and with the season, the 
distances that can be reached with high fre- 
quency transmission vary greatly. 


Frequencies in the very high frequency band 


Frequency in Kilocycles 


300-3,000 
3,000-30,000 
30,000-300,000 


3,000-30,000 


3,000,000-30,000,000 


10-30 0.01-0.03 Very low frequency 
30-300 0.03-0.3 


In Megacycles 


Low frequency 
Medium frequency 


Very high frequency 
| 300,000-3,000,000 300-3,000 Ultra high frequency 


(30-300 mc) have no usable surface wave, and 
their sky waves are only slightly refracted 
by the ionosphere. Distant transmission is 
successful, though, if the transmitting and/or 
receiving antennas are high enough to allow 
the use of direct waves. Sometimes, special 
conditions in the ionosphere permit long range 
transmission at these frequencies. This does 
not happen often enough, though, to depend 
on it for regular long distance transmission. 
The VHF band is used for short distance, 
line-of-sight transmissions such as in tele- 
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vision, police radio, portable equipment, and 
aircraft landing beacon transmissions and air- 
craft communications. 


In the ultra high frequency band (300-3000 
mc), and the super high frequency band (3000- 
30,000 mc), only the direct waves can be used. 
Communication at these frequencies is there- 
fore limited to a short distance beyond the 
horizon. Still, the lack of static and fading in 
these bands makes their use very desirable. 
Generally, these frequencies are transmitted 
by highly directive antennas to concentrate 
the energy into narrow beams and increase 
their field intensities. By the same means, 
UHF and SHF transmissions can be focussed 
on one small area very much like a beam of 
light. 


Carrying the Intelligence 


All the different radio frequency waves 
just discussed can be made to carry intelligence 
from one place to another. In general, this 
is done in several ways. One way is to inter- 
rupt the radio wave to create dots and dashes 


or other signals. The other way is to vary the 
radio wave either in amplitude or in frequency 
according to the intelligence it should carry. 
Impressing the intelligence on the radio wave 
is called modulation. Amplitude modulation 
is abbreviated AM, and frequency modula- 
tion is abbreviated FM. 


Radiotelegraphy generally uses the inter- 
ruption method to transmit intelligence. 
Strangely enough, this type of transmission 
is called CW (continuous wave). It means that 
the intelligence is not imposed on the radio 
wave by changing the wave. Instead, the 
wave remains continuously the same; it is 
merely interrupted in order to convey the 
intelligence. 


Another type of transmission that uses in- 
terrupted CW to carry intelligence is radio- 
teletypewriter. Here, the wave that is being 
transmitted is interrupted according to the 
code combination assigned to the letter or 
number that is hit on the teletypewriter. At 
the receiving end, the interruptions actuate 
the same key on another teletypewriter and 
the message is typed out. 


o 


A es Pages of written matter or still pictures 
- : may also be transmitted by interrupted CW. 


This type of transmission is called facsimile, 
and its type of CW is called constant frequency 
variable dot (CFVD). The page of material 
to be sent is placed in the transmitting device, 
and radio impulses corresponding to the ma- 
terial on the page are transmitted. The re- 
celving device contains sensitized paper on 
which the received impulses cause the original 
material to be reproduced. Facsimile uses 
other systems, too, including FM and AM. 
(These systems of modulation are explained 
later in this manual.) 


Voice, music, and other sounds are placed 
on the carrier (the RF wave that carries the 
intelligence) by the modulation method. In 
this method, a microphone picks up the sound, 
and an audio amplifier stage (or stages) am- 
plify it to modulate the carrier. This method 
is used chiefly in commercial broadcasting 
and in the transmission of voice messages. 


Radio Range Transmitter Modulation is also used in radiotelegraphy. 


Typical HF Transmitter 


Here, there is no microphone. Instead, an 
audio oscillator — often called a tone oscil- 
lator — generates an audio signal which is 
keyed in the same way as CW. This type of 
transmission is called modulated continuous 
wave (MCW) or, often, just tone transmission. 


Television is another type of transmission 
that uses the modulation method to impress 
the intelligence on the carrier. In television, 
electronic devices in the camera cover each 
spot in the area being pictured so fast and 
so often that the effect of a motion picture is 
obtained. The resulting waves, which are 
proportional to the light intensity of each 
spot being covered, are impressed on the 
carrier by modulation. At the receiving end, 
the process is reversed, and the resulting pic- 
tures appear on the screen (really the end of 
a large cathode ray tube). The sound is 
transmitted and received at the same time as 
the picture, so that you can both hear and 
see what is occurring. 


Thus, radio waves offer tremendous oppor- 
tunities for every kind of communication. By 
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modulation, interruption, or both, they can 
be made to carry practically any kind of 
intelligence. They can travel to nearby spots 
or to faraway places. They can be directed 
so that they reach only one, single, small area, 
or they can be sent all around the world. It is 
all a matter of using the right kind of trans- 
mitting and receiving systems. 


TRANSMITTERS 


Transmitters and transmitting systems may 
be simple or complex, depending on the kind 
of job they are required to do. In its simplest 
form, a transmitter may consist of a power 
supply, an oscillator, a key, and an antenna. 
The power supply furnishes the right kind 
and amount of power for the oscillator. The 
oscillator generates RF power of the proper 
frequency. The key impresses the intelli- 
gence on the RF by the interruption method, 
and the antenna radiates the interrupted wave 
into space. 

This simple transmitter has all the parts 
necessary to perform the basic tasks of a 
transmitter. However, it has one big disad- 
vantage; its oscillator is coupled directly to 
the antenna circuit. As a result, the antenna 
continually affects the oscillator, and the 
oscillator frequency is not likely to be stable. 
These variations in the oscillator frequency 


will make reception of the signal difficult, 
and will probably cause interference to other 
transmissions. 

A power amplifier stage between the oscil- 
lator and the antenna corrects this situation. 
The power amplifier stage acts as a buffer 
between the antenna and the oscillator, and 
it prevents the antenna from affecting the 
oscillator frequency. It also increases the 
amount of RF power the transmitter is able 
to put out. 

Another method of stabilizing the oscillator 
is to use a crystal to control its frequency. 
Crystals can be precision cut to exact fre- 
quency specifications, and can keep the oscil- 
lator output right on the desired frequency. 
Generally, a power amplifier is also used in 
this setup to doubly insure its stability as well 
as to increase its power output. 


Sometimes, though, a transmitter must op- 
erate at much higher frequencies than a 
crystal can be cut for. In this case, a fre- 
quency multiplier stage is used. The frequency 
multiplier amplifies one of the harmonics of 
the RF generated by the oscillator. Thus, the 
frequency multiplier puts out a frequency that 
is double, triple, or some other multiple of the 
oscillator frequency. Still, the output of the 
frequency multiplier is generally not powerful 
enough for transmission. Consequently, one 
or more amplifier stages follow the frequency 


multiplier stage to bring the signal up to the 
necessary power level. Of these amplifier 
stages, only the last is called the power ampli- 
fier. The others are called intermediate or 
buffer amplifiers. 

When the intelligence is to be impressed 
on the RF carrier by the modulation method, 
a modulation section is needed. In most com- 
munications transmitters, this section in- 
cludes a microphone, an audio amplifier, 
and a modulator. 


The transmitter power supply may be a 
battery, but usually it is a generator. If the 
power that is supplied is AC, the transmitter 
must include a rectifier to convert the AC 
to DC. In high power transmitters, the RF 
and modulation sections need large amounts 
of power. Often, therefore, each section has a 
separate power supply. This keeps down the 
amount of current drawn from each one and 
also prevents interference between the two 
sections. 

Most transmitters also include some kind 
of control system to let the operator control 
them from a remote position. In aircraft, for 
example, space requirements may make it 
necessary to install the transmitter some dis- 
tance from the operator’s position. In such 
cases, there is a remote control system by 
which the operator can control the transmitter 
— turn it on or off, select the transmitting fre- 
quency, and so on. These systems may be 
simple or complex, depending on the kind 
of transmitter and controls that are needed. 
They are discussed later in this manual, after 


ANTENNA 


atta KEY 


Simple Transmitter 


the detailed discussions of the various other 
parts of the transmitter. 


The final output of the transmitter is, of 
course, fed to the antenna. Here again, the 
process may be simple or complex, depending 
on the frequency used, the amount of power 
to be radiated, the kind of antenna, the dis- 
tance between the antenna and the trans- 
mitter, and various other factors. Antennas, 
too, may vary greatly according to the func- 
tions they have to perform. The various prob- 
lems of antennas and transmission lines (lines 
that connect the transmitter to the antenna) 
are discussed in the manual on antennas. 


RECEIVERS 


To accomplish its end of the communica- 
tions job, the receiver must perform a variety 
of tasks. It must intercept the radio waves 
being transmitted, select the one desired radio 
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wave and reject the others, amplify the se- 
lected wave to bring it up to usable strength, 
remove the intelligence carried by this wave, 
amplify this intelligence to the point where it 
can be effectively used, and reproduce this 
intelligence in the desired form. 


Like transmitters, receivers may be simple 
or complex, according to the types of trans- 
missions they are designed to receive. In 
general, though, most receivers have one or 
more of the following basic stages and com- 
ponents: 


Tuned circuits which can be set so that 
they select the desired signal and reject 
the others. 


RF amplifiers to amplify the selected 
signals. 

A detector to remove the intelligence from 
the RF signal. 

Amplifiers to amplify the intelligence 
enough to operate the reproducer. 

A reproducer (headset, loudspeaker, cath- 
ode ray tube, or other device) to re- 
produce the intelligence in the desired 
form. 

A power supply to furnish the right kind 
of power for the various stages. 

In another phase of your course, you will 
study each of these receiver circuits and de- 
vices in detail. In this manual, you will find 
out exactly how transmitters work. 
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All oscillators in modern transmitters are 
designed around electron tubes. In the early 
days of radio, however, oscillators were quite 
different. One of the early types was the 
Alexanderson alternator. It consisted, main- 
ly, of a toothed wheel which rotated between 
the poles of an electromagnet. This caused a 
varying magnetic field intensity in the core 
of the magnet which induced an RF voltage 
In another winding wound on the same iron 
core. This oscillator is illustrated at the right. 
Other oscillators used at that time were the 
spark gap oscillator and the Poulsen arc trans- 
mitter. These two types used tuned LC cir- 
cuits similar to those used today. 


This chapter is devoted to the theory of 
electron tube oscillators and to the operation 
of a number of types of oscillators used at the 
present. 


FUNDAMENTAL OSCILLATOR CIRCUITS 


The basic oscillator circuit consists of a 
capacitor and an inductor. This is true of all 
RF oscillator circuits. All depend on the 
characteristic action of the inductance and 
capacitance in the circuit to produce oscilla- 
tion. To understand escillators, therefore, 
consider in detail what happens in this type 
of circuit — called a tuned circuit or, fre- 
quently, a tank circuit. You have previously 
studied this subject. However, because of its 
prime importance, it is worth reviewing. 

To see this operation in its simplest form, 
imagine a capacitor which can be connected 
either to a battery or to an inductor, as shown 
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on page 13. Now imagine that you close the 
switch to the left. This connects the capacitor 
across the battery, and the battery charges the 
capacitor, making the top plate negative 
with respect to the bottom one. In this con- 
dition, the top plate has a greater number of 
electrons than the bottom one, and electric 
energy is stored in the dielectric field of the 
capacitor. 

Suppose, now, that you close the switch 
to the right. This connects the inductor across 
the capacitor and lets the extra electrons on 
the top plate return through the inductor 


Fundamental Oscillator 


to the bottom plate. As this current flows 
through the inductor, it reduces the charge 
on the capacitor and sets up a magnetic 
field around the inductor. In this way, the 
energy stored in the dielectric is converted 
-into energy stored in the magnetic field. When 
the number of electrons on both plates of the 
capacitor is equal, no more energy is stored 
in its dielectric, and the current starts to 
decrease (3). 


This makes the magnetic field collapse, 
shown in 4, and the collapsing field induces a 
voltage across the coil which makes the 
electrons continue to flow to the bottom 
plate. Soon, most of the electrons are on the 
bottom plate of the capacitor, and it is nega- 
tive with respect to the top one. The voltage 
which was induced in the coil by the collapsing 
field has acted as a voltage source which 
charged the capacitor. Only this time, the 
capacitor was charged to the opposite polarity 
from that to which it was charged by the 
battery. In this process, the energy which 
was stored in the magnetic field was shifted 
back to the dielectric field of the capacitor. 
With no more energy in the field around the 
coil, the flow of electrons to the bottom plate 
stops, shown in 5. 


The circuit still is not balanced, though, for 
there is an excess of electrons on the bottom 
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plate of the capacitor. Since the top plate is 
still connected to the bottom one through the 
coil, the electrons now flow back to the top 
plate through the coil. This process again 
sets up an expanding field around the coil, 
and the whole previous sequence is repeated, 
but in the opposite direction. 


Now reconsider this action from the point of 
view of the voltage at any given point in the 
circuit. Take, for example, the voltage at the 
top plate of the capacitor with respect to 
the bottom plate and follow it through the 
various steps of the action, as shown in the 
diagrams above the resonant circuits. 


In 2, the switch has just been closed to the 
right, and the top plate of the capacitor is at 
its peak negative charge, indicated by the 
white portion of the waveform. It is discharg- 
ing through the inductor, though, and you 
can see on the graph that its voltage gradually 
increases until, at point 3, it is zero. 


At this point, the number of electrons on 
both plates is the same. But now, the collaps- 
ing field around the coil keeps the electrons 
flowing to the bottom plate, and the top plate 
gradually becomes more and more positive 
with respect to the bottom one up to point 5. 


By this time, the field has fully collapsed, 
and it is no longer pushing electrons toward 
the bottom plate. The excess of electrons on 
the bottom plate now exerts an electromotive 
force in the opposite direction, and the capaci- 
tor starts discharging. This keeps on reducing 
the positive voltage at the top plate until it 
is again zero. 


Notice that this occurs at point 7. From 
this point, the top plate gradually becomes 
more negative because the collapsing field 
around the coil acts as an electromotive 
force that keeps the electrons moving toward 
the top plate. 


Looking at the voltage wave, you can see 
that it resembles a sine wave. The waveform 
of the current has exactly the same shape. 
The period of the wave — that is, the time 
it takes for one cycle — depends on the time 
it takes for the capacitor to discharge and 
charge through the inductor. In other words, 
the frequency is proportional to the amount of 
inductance and capacitance in the circuit. 


Operation of Fundamental Oscillator 


The greater the capacitance, the longer it 
takes to charge it, the longer the period, and 
the lower the frequency. The same is true for 
the inductance. The resonant frequency of a 
tank circuit (and the frequency at which it 
oscillates) thus depends on the value of its 
inductor and capacitor. Mathematically, the 
formula for the resonant frequency of the 
parallel circuit is, 
1 


h DLC 
The amount of resistance in the circuit 
makes practically no difference in the fre- 
quency, but it does make a difference in the 
amplitude. The drop in voltage is the result 
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of energy being dissipated in the resistance. 
If a graph were drawn out to show the volt- 
age variation over a longer period of time, 
the successive voltage peaks would be lower 
and lower until there would be none at all. 
In other words, the oscillations would soon 
stop altogether. This would be due to the 
fact that the energy originally put into the 
circuit would be dissipated in the resistance 
in the form of heat. The greater the resistance 
in the circuit, the faster the energy is dissi- 
pated and the sooner the oscillations stop. 


Effect of Resistance on Oscillation 


Since all circuits have resistance, a single 
pulse of energy applied to a tank circuit can 


Effect of Resistance on Oscillation 


keep it oscillating for only a short time. To 
maintain oscillation at a steady level, it is 
necessary to keep on applying the pulses of 
energy. Furthermore, these pulses must have 
the right polarity, and they must be applied 
at the right time so that they boost the oscilla- 
tions instead of bucking them. 


Electron Tube Switching 


To see how this should work, consider the 
hypothetical situation of a tank circuit which 
is connected to, and disconnected from, a 
battery at an extremely rapid rate. In this 
setup, as shown, the battery is connected for 
an instant to supply the pulse of energy need- 
ed to start oscillation in the tank circuit. 
Then it is immediately disconnected. At the 
moment when the first cycle of oscillation in 
the tank is about to be completed — that is, 
when the voltage reaches point B’ on the 
cufve — the battery is connected for another 
instant to bring the voltage up to point A’ 
— its original level. At the next moment, when 
the second cycle is about to be completed — 
that is, when the voltage reaches point B” 
on the curve — the battery is connected for 
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another instant, again to bring the voltage up 
to point A” — its original level. If the switch- 
ing is handled quickly enough and if it is 
timed to occur at just the right point of each 
cycle, such a system will keep the tank cir- 
cuit oscillating at a constant amplitude. 
Obviously,’ though, this Kind of switching is 
impossible with ordinary switches. It is possi- 
ble, however, with electron tubes. In fact, 
that is the basis on which electron tube os- 
cillators operate. 


In the diagram, Electron Tube Switching, 
notice that the fundamental oscillator cir- 
cuit (LC) is connected to an electron tube. 
This tube does the switching just discussed. 
Here is how it works. One side of the tank is 
connected to the grid of the tube and the 
other side to the cathode. Hence, the grid is 
always at the same voltage as the top plate 
of the capacitor. The voltage variations due 
to oscillations in the tank therefore appear 
on the grid. This causes corresponding varia- 
tions in the plate current and thus in the 
current which passes through L1. Since L1 is 
coupled to L by mutual inductance, the bat- 
tery energy (which the current represents) 1s 


Hypothetical Oscillator 


coupled into the tank circuit. Whenever there 
is a rise in plate current, a pulse of energy 
is fed to the tank circuit. In this way, the 
action of the tube triggers pulses of energy 
into the tank circuit. If the circuit elements 
are properly arranged and are of the right 
size, the pulses of energy are of the proper 
phase and amplitude to sustain steady oscilla- 
tions in the tank circuit. The complete action 
of an oscillator is discussed relative to the 
Tuned Grid Oscillator circuit. 


TUNED GRID OSCILLATOR 


To change the fundamental electron tube 
oscillator just discussed into a practical, self 
starting oscillator, grid leak bias must be 
added to it. Notice how this is done in the 
schematic diagram of the tuned grid oscil- 
lator. The grid leak biasing system consists of a 
grid capacitor Cl and a grid leak resistor R. 
This type of arrangement is called series grid 
leak. Another kind of grid leak arrangement 
is the shunt grid leak, in which the resistor 
is at the position shown by the broken line. 
This arrangement also provides the needed 
bias. 


When the tube is first connected to the 


voltage supply, electrons begin flowing from 
cathode to plate. This starts an increasing 
plate current flowing through plate coil Ll. 
‘The rising plate current, in turn, sets up an 
expanding magnetic field around L1. As the 
cathode heats up and the plate current in- 
creases, the magnetic field around L1 con- 
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Electron Tube Switching 


Tuned Grid Oscillator 


tinues to expand. Since L1 and L are coupled 
inductively, this expanding magnetic field 
induces a voltage across L, which charges C. 
Now C is so connected that when the current 
starts up, the voltage induced across L 
charges its top plate positively and its bottom 
plate negatively. Since C is between grid 
and ground, a positive voltage is thus applied 
to the grid. 

Since the initial bias voltage is zero, this 
first bit of positive voltage applied to the grid 
from C causes the plate current to increase still 
more. This further hastens the expansion of 
the magnetic field about L1, inducing a greater 
voltage in L and making the grid more posi- 
tive. With the grid more positive, the plate 
current increases still more, the grid becomes 
still more positive, and so on. 

Finally, plate saturation is approached and 
the plate current can no longer increase as 
fast. The rate of increase in the current 
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through L1 is therefore not as great as before. 
As a result, the expansion of its magnetic 
field slows down, and the rate at which L 
is cut by the magnetic field of L1 decreases. 
This, in turn, reduces the positive grid poten- 
tial. By the time the plate current reaches its 
maximum, the rate of change of current be- 
comes zero, and the grid potential is also zero. 


Since the grid is now less positive, the plate 
current starts to decrease. With this, the 
field about L1 begins to collapse. Thus, it is 
now moving in the opposite direction, and it 
induces a voltage in L having the opposite 
polarity to the initial voltage. This induces a 
negative voltage in the grid circuit, makes the 
grid negative, and thereby retards the flow 
of electrons to the plate. The result is a greater 
decrease in plate current and a more rapid 
collapse of the magnetic field around Ll. 
This makes the grid more negative and causes 
a corresponding decrease in plate current. 
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The process continues until the field about L1 
is completely collapsed and no longer induces 
a voltage in L. Now the grid voltage is back 
to zero, and it no longer hampers the flow of 
electrons to the plate. This lets the plate 
current increase and starts the whole cycle 
over again. The process repeats itself as long 
as power is furnished to the tube. 


While the tube is getting started in this 
way, the tank circuit is getting started at the 
same time. Capacitor C of the tank circuit 
becomes charged, discharges through coil L, 
and starts current oscillating in the tank. This 
cycle of oscillation goes on toward its comple- 
tion, but it does not drop in amplitude, be- 
cause energy is put into it from the plate 
circuit through the feedback coil L1. 


It is important to note in this connection 
that once the amplitude of the oscillation 
reaches its peak level, it stays constant. At 
first, this might seem untrue, because, after 
all, the tube is acting as an amplifier. Since 
the initial voltage variations which are applied 
to the grid are amplified, reapplied to the 
grid, reamplified, and so on, it might appear 
that there would be a continuous increase in 
the amplitude of the oscillation. This does 
not happen, however, because of the charac- 
teristics of the tube. In the process of con- 
tinuous reamplification, the grid voltage varia- 
tions finally become so large that the plate 
current fluctuates between zero and its satura- 
tion level during each cycle. Since the current 
flow can neither exceed the saturation level, 
nor drop below the zero level, this means that 
the plate current varies between the same 
limits during each cycle. The amount of energy 
released into L during each cycle, therefore, 
becomes constant and the amplitude of oscil- 
lation becomes constant. This is shown graph- 
ically in the chart, Limits of Reamplifica- 
tion. The process of reamplification is called 
positive feedback, or regeneration. This chart 
represents the action in a circuit having no 
bias. 


During this same starting period, the bias to 
keep the tube operating class C is also being 
developed. This is the purpose of the grid 
leak system — that is, grid capacitor C1 and 
grid leak resistor R in the Tuned Grid Oscil- 
lator. On the positive half of the cycle of 


oscillation in the tank circuit, the grid is 
positive and draws current. This current flows 
back to the cathode through the resistor and 
develops a voltage drop across the resistor. 
Since the current flows from the grid end of 
the resistor toward the cathode end, the grid 
end of the resistor is negative with respect to 
its cathode end. This voltage drop biases the 
grid negatively with respect to the cathode. 
At the same time, grid capacitor C1 becomes 
charged — in other words, stores up electrons. 
During the next half cycle (the negative half 
cycle) the grid is negative and does not draw 
current. But then, capacitor Cl discharges 
through resistor R. This maintains the voltage 
drop across the resistor and keeps up the 
steady bias during the negative half cycle. 


The illustration, Development of Grid 
Leak Bias, shows how the grid current in- 
creases as the grid signal voltage increases, 
thereby increasing the bias of the tube. At 
first, the grid bias is zero. As the tuned circuit 
starts to oscillate, the grid goes slightly posi- 
tive with respect to the cathode, and there is a 
small pulse of grid current. As the grid voltage 
variations become larger (from reamplifica- 
tion), the positive peaks of grid voltage be- 
come greater and the grid current pulses in- 
crease. Since the grid current flowing through 
R produces the grid bias, the higher the grid 
current, the greater the bias. As the oscilla- 
tions in the tank circuit gradually build up to 
the point where the amplitude remains con- 
stant, the negative bias gradually increases 
until the tube is biased beyond cutoff (operates 
class C). This blocks the plate current during 
most of the cycle. Still, the pulses of plate 
current that flow during part of the cycle are 
enough to maintain oscillations. 


This circuit is self-regulating. If the bias 
tends to decrease, the plate current pulses will 
become larger and consequently the feedback 
to the grid circuit will increase. This will 
cause the grid to draw more current and the 
bias will therefore increase again. If the bias 
tends to increase, the plate current pulses will 
become smaller and the feedback will become 
less. The grid will then draw less current and 
therefore the bias will decrease again. The 
result is a steady value of grid bias, equal 
amplitude plate current pulses, and a constant 
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Development of Grid Leak Bias 


amplitude of oscillations in the grid circuit. 


The only requirement in this bias system is 
that the capacitor and resistor be of the proper 
value to let C1 hold its charge at a fairly con- 
stant value throughout the complete cycle. 
The larger the capacitance of the capacitor, 
the larger its charge, and the longer it takes to 
discharge. The greater the size of the grid 
leak resistor, the longer it takes for the capaci- 
tor to discharge through it. The rate of dis- 
charge depends on the time constant of the 
capacitor-resistor combination. One time con- 
stant is the time in seconds required to dis- 
charge the capacitor to about one third of the 
initial value. It is the product C and R, with 
C in farads and R in ohms. 


Series and Parallel Feed 


In the tuned-grid oscillator circuit on 
page 16 notice that the plate voltage is 
supplied through the feedback coil L1. Plate 
current flows from the cathode to the plate, 
through the feedback coil L1 to the power 
supply, and then back to the cathode. An 
arrangement like this, in which the power 
supply is in series with the tube and the tank 
circuit or the feedback coil, is called a series 
feed arrangement. 


It is possible, though, to have an arrange- 
ment whereby DC from the plate voltage 
supply does not flow through the tank circuit 
or the feedback coil. Such an arrangement is 
called parallel or shunt feed. When the tuned 


Shunt Fed Tuned Grid Oscillator 


grid oscillator circuit is rearranged like the 
one shown above, it is changed from a series 
fed to a shunt fed oscillator. The DC com- 
ponent of the plate current flows from the 
cathode to the plate, through the RF choke 
(RFC) to the power supply, and back to the 
cathode. The RF component of the plate cur- 
rent cannot follow this path, because the RF 
choke offers a high impedance to RF. There- 
fore the RF component flows from cathode to 
plate, through C2, through feedback coil L1 
to ground, and then back to the cathode. The 
two components of the plate current thus 
follow separate, parallel paths. Notice that in 
the shunt feed arrangement no DC potential 
appears on the feedback coil. 

Each method of feed has its advantages 
and special applications depending on circuit 
conditions. The disadvantage of series feed 
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is that the feedback coil is at a high DC poten- 
tial. If the chassis is at ground potential, which 
is usually the case, additional insulation is 
therefore required for this coil. The high DC 
potential on the coil also makes coupling to an 
external load more difficult. With shunt feed, 
the output circuit is at ground potential so 
far as DC voltage is concerned. In parallel 
feed, though, RF voltage is applied to the RF 
choke. This results in some loss of RF energy. 


The Tank Circuit 


The tank circuit is the oscillatory circuit. 
The flow of electrons in this circuit, from one 
capacitor plate to the other through the induc- 
tor, constitutes an alternating current. The 
frequency of this current depends on the time 
required for charging and discharging the 
capacitor. The larger the values of C and L, 
the longer the time required for charge and 


discharge; hence, the lower the frequency. 
Changing the value of either C or L changes 
the resonant frequency. There are two ways, 
then, of tuning the tank circuit. Either way 
can be used. Some circuits are tuned by vari- 
able inductance, others are tuned by variable 
capacitance. 

To see this relationship between L, C, and 
frequency, consider a specific problem. Sup- 
pose you have a circuit with an inductor L 
of 100 microhenries and a variable capacitor 
C with a maximum capacitance of 0.0006 
microfarad. What would the capacitance be at 
a setting which would resonate the tank at 
700 kc? 

As you know, the formula for the frequency 
of a resonant circuit is, 


1 
= ONLC 
Applying the formula to the problem, 
a 
6.28 x \).0001 x C 
C =0.000000000515 farad 
= (0.000515 microfarad 


F, 


The Q of a Circuit 


A very important consideration in any 
resonant circuit is the factor Q. You have 
already learned that Q is the symbol asso- 
ciated with the electrical quality of a coil. 
Q is expressed as the ratio between the induc- 
tive reactance of the coil and the resistance of 
the coil. 

Xy, 


R 


For resonant circuits, this ratio can be con- 
sidered in another way — from the point of 
view of energy rather than impedance. From 
this point of view, the ratio represents the 
comparison between the total power in the 
tank to that dissipated in the resistance. To 
change the ratio to one which shows this power 
relationship, you must include in it the 
alternating current I flowing in the tank. Since 
this current flows through both X,;, and R, 
the ratio becomes, 

PX, 
@= PR 
Thus, the Q of the circuit is the ratio of the 
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reactive power to the real power. In other 
words, it is the ratio of energy stored in the 
magnetic field to the energy dissipated as 
heat in the resistance. Looking at it this way, | 
a high Q circuit is one in which the energy 
dissipated is a small fraction of the energy 
stored. 


When resonant circuits are designed, it is 
desirable to keep the Q as high as possible. 
A high Q means efficiency, because it means 
low resistance loss. If there were no resistance 
in the tank circuit, once oscillations were start- 
ed, they would continue indefinitely. Since all 
circuits have resistance, some of the alternat- 
ing current is always dissipated in heat energy. 
This loss occurs as the current flows back and 
forth in the tank circuit, and the stored energy 
is shifted back and forth between the electric 
field of the capacitor and the magnetic field of 
the coil. Each time there is a shift, a small 
portion of the total energy is lost to the re- 
sistance. I’o maintain oscillations, therefore, a 
small amount of energy must be supplied from 
an outside source. By making the Q high, the 
amount of energy dissipated per cycle is kept 
small, and the amount of energy required 
from the external source is likewise small. 
Practical values of Q vary from 20 to 200 
for coil and capacitor circuits. 


Taking Q into consideration is not just a 
hypothetical matter. It is very practical. 
The formula for the resonant frequency 


1 
| Fae shows that the values of L 
Qa VLC 


and C can be varied without changing the fre- 
quency as long as the product of L and C is 
not changed. Obviously, then, L can be made 
large and C small, or C made large and L 
small, and the frequency will be the same. 
The relation between the values of L and C 
for a fixed frequency is called the L to C 
ratio, or L/C ratio. This L/C ratio has a con- 
siderable effect on the Q of a circuit. 


Notice, that both terms in this ratio repre- 
sent reactance. Resistance is not included. 
In the ratio given for Q before, both reactance 


and resistance were included. The difference 
2 

is due to the fact that the os 
I*Xp 


to an unloaded circuit — one that does not 


ratio applies 


deliver power — while the L/C ratio applies to 
a loaded circuit — one that delivers power to a 
load. 


In an unloaded circuit, the ratio of energy 
stored to that dissipated by the resistor is 
important because the resistor is the only 
place in the circuit where energy is lost. The 
Q of an unloaded circuit therefore depends on 
the ratio of reactance to resistance in the 
circuit. Thus, it increases with an increase in 
the reactance. 


However, when a resonant circuit delivers 
energy to a load, the Q of the circuit is shown 
by the formula, 


_Z 
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Q in this formula is the Q of the loaded parallel 
resonant circuit, Z is the load resistance placed 
on the tuned circuit, and X is the reactance of 
either the co or capacitor. This means that 
the tuned circuit, when loaded, must have low 
reactance to have a high Q. Reactance can be 
made low by using a large capacitor and a 
small inductor. As the capacitor is made 
larger, its reactance decreases. As the inductor 
is made smaller, its reactance decreases. This 
means, finally, that a loaded circuit must have 
a low L/C ratio (low L and high C) to main- 
tain fairly high Q. 


Frequency Stability 


An important transmitter requirement is 
that its frequency stay fairly constant unless 
the tuning is adjusted or changed. The fre- 
quency of the transmitter depends, of course, 
on the oscillator. The frequency of the oscil- 
lator, in turn, closely approximates that of the 
resonant circuit associated with the tube. If 
the circuit constants could stay fixed, the 
frequency would never change. In practice, 
though, this is not the case. 


Frequency stability depends on the con- 
stancy of adjustments, operating voltages, 
tube characteristics and components, the Q 
of the circuit, and the amount of regenera- 
tion. Changes in these items cause changes in 
the oscillator frequency. 


TEMPERATURE. Temperature is also a factor 
in frequency stability. Temperature changes 
cause tube elements to expand or contract 
slightly which changes the interelectrode capa- 
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citances. Since these are unavoidably parts of 
the tuned circuits, the frequency will change 
correspondingly. Temperature changes in the 
coil or capacitor change the inductance and 
capacity slightly, and this too causes a shift 
in the resonant frequency. By careful design 
and the use of thermo-compensating capaci- 
tors, instability due to temperature changes 
may be partly overcome and the oscillator can 
be made to be fairly stable. 


Thermo-compensating capacitors are small 
capacitors on which temperature changes have 
an opposite effect than they have on ordinary 
components. These capacitors are so connected 
in the circuit that the effect temperature 
changes have on them offsets the effect tem- 
perature changes have on the inductance or 
capacitance of the circuit. The result is that 
the frequency stays constant. 


FREQUENCY DISCRIMINATION. One of the 
important aspects of frequency stability is 
frequency discrimination. A high Q results in 
greater frequency discrimination. To see why, 
examine the graph showing how the current 
changes in a series resonant circuit as the 
values of Q are changed. You will notice that 
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Effect of Q and Frequency on Current 


the lower the Q, the more slowly the current 
decreases as the applied frequency is varied 
from the resonant frequency. This means that 
a low Q circuit can oscillate at a number of 
frequencies other than the desired one. It 
does not discriminate well against frequencies 
a little off resonance. If the Q is high, though, 
the resonant peak is sharp. The circuit cannot 
operate nearly as well off the desired frequency. 
Thus, its frequency discrimination — and 
stability — is greater. 

EFFECT OF LOAD. Loading a tank circuit 
causes frequency instability. The frequency 
of the tank depends on the inductance of the 
coil L and the capacitance of the capacitor C. 
Anything that changes these values changes 
the frequency of the tank circuit. To maintain 
a high degree of stability in an oscillator, the 
values of inductance and capacitance must 
therefore be held to rather rigid tolerances. 
Though getting a satisfactory coil and capaci- 
tor for the resonant circuit is not difficult, 
other factors are difficult to control. In an 
oscillator circuit, the tube is connected across 
the tank circuit and represents a load on the 
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resonant tank. The effect of the tube on the 
tank frequency is an important factor in 
stability, and it is one which is not easily con- 
trolled. Connecting the tube to the tank has 
the effect of shunting the resonant tank with 
a capacitor. As you can see in the diagram, 
the interelectrode capacitance, C,,, is in 
parallel with the tuning capacitor C. Thus, 
C,, is a shunting capacitance that is a part 
of the capacitance which controls the fre- 
quency of oscillations within the tank. If the 
value of this shunting capacitor changes be- 
cause heat expands the tube elements, the 
resonant frequency will also change. 


Another factor that is difficult to control is 
the effect of other transmitter stages. In the 
transmitter, other stages are connected to the 
oscillator — for example, the input of the 
following amplifier. This load is also connected 
across the tank circuit and also can change the 
net value of inductance or capacitance as the 
case may be. With a changing load, the circuit 
constants change and the frequency changes. 


Usually, the effect of loading on frequency 
stability is expressed by the statement that 


Effect of Interelectrode Capacitance 


a low load impedance lowers the Q of the 
circuit and thereby decreases the stability. 
It is therefore desirable to have a high load 
impedance. 


Changes in the plate resistance (r,) of the 
tube as a result of varying filament, plate, or 
grid voltages, also cause a shift of the resonant 
frequency. You remember that the frequency 
of oscillation in the resonant circuit is given 
by, 
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Though this is satisfactory for all practical 
purposes, it is not an exact equation for the 
operating frequency. Actually, the operating 
frequency (F,) of the oscillator varies slightly 
from F.. The equation for the operating fre- 
quency is, 
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Here, FR is the total resistance of the tank, 
including the resistance reflected into it by 
the load and 1, is the plate resistance of the 
tube. This equation makes it easy to see that 
any change in plate resistance will cause the 
operating frequency (F,,) to change. 


REGENERATION. Regeneration also has an 
effect on frequency stability. Naturally, the 
feedback varies with the tube characteristics 
and the circuit. In general, though, the less 
the regeneration, the greater the stability. 
In the tuned grid oscillator circuit on page 
20 for example, grid excitation is obtained 
by inductive coupling to the plate circuit. 
The amount of excitation voltage, and thus 
the amount of regeneration, depends on the 
amount of feedback. Feedback can be con- 
trolled by adjusting either the turns ratio or 
the coupling between the plate and grid coil. 
The coupling must be close enough so that 
the power transferred from the plate circuit is 
more than enough to overcome the losses in 
the tank circuit and in the grid leak resistor. 
In general, this means that the grid voltage 
produced by this coupling has to be slightly 
greater than 1/y times the plate voltage. Its 
usual value is somewhere between 10 and 
20 percent of the output voltage. 
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OSCILLATOR CLASSIFICATION 


Many types of practical oscillator circuits 
are used to generate high frequency voltages 
for radio transmitters. Oscillators appear in 
many forms and in an apparently complex 
variety of circuits. Still, most electron tube 
oscillators (with only a few exceptions) are 
based on the triode tube. One circuit arrange- 
ment may be superior to others for some 
specific application, but almost any circuit 
can be considered fundamental. Usually, a 
simple rearrangement of the same circuit 
components is enough to change one circuit 
type into another. Sometimes it is difficult to 
recognize similarities in types or to be sure 
how feedback is obtained. The basic operation, 
though, is fundamentally the same. 


The key principle is that part of the amp- 
lifier output is coupled back to the input. The 
feedback must be regenerative — that is, it 
must be in phase with the input — and it must 
be large enough to overcome losses due to the 
resistance of the grid circuit. In addition, all 
oscillators require an amplifying tube, a power 
supply, and usually a tuned circuit which 
determines the frequency. 


Oscillators can be divided into two general 
classes — self-controlled oscillators and crystal- 
controlled oscillators. The self-controlled 
oscillators can further be classified as negative 
grid oscillators, electron orbit oscillators, and 
negative resistance oscillators. 


The negative grid oscillator is an amplifier in 
which a portion of the output is fed back to 
the input to sustain oscillations. The name 
‘negative grid’’ comes from the fact that the 
grid. is biased considerably negative with re- 
spect to the cathode. This type of oscillator 
is used in the generation of low and medium 
frequencies. Typical negative grid oscillators 
are the Hartley, Colpitts, tuned grid tuned 
plate, and the tuned grid. The tuned grid 
oscillator has already been discussed — the 
others will be discussed later. 


Electron orbit oscillators are used for ex- 
tremely high frequencies — generally those 
above 300 mc. Their operation is based upon 
the fact that an electron requires a finite time 
to pass from one element of the tube to another. 
The magnetron is a typical electron orbit 
oscillator. 
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The negative resistance class includes such 
oscillators as the dynatron and the transitron. 
They are used when extremely high frequency 
stability is required, as in frequency meters. 
They are based on the negative resistance 
characteristic between elements of a multi- 
grid tube. 


HARTLEY OSCILLATOR 


The Hartley oscillator is a popular variable 
frequency oscillator, simple in design and 
very dependable. It gives a fairly uniform out- 
put for a range of frequencies from about 800 
ke to 100 mc. In addition to its widespread use 
in transmitters, it is In common use in tele- 
vision and FM receivers. In the schematic 
diagram of the Hartley oscillator, note that 
there is a single coil instead of two as in the 
tuned grid oscillator. One end of the tank coil 
is connected to the plate, the other end of the 
coil is connected to the grid, and the cathode 
is connected near the plate end. The tank 
capacitor shunts both sections of the coil 
(L and L1). The feedback is by inductive 


4 coupling between L and Ll. 
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When you examine this circuit you will see 
that it is similar to that of the tuned grid 
oscillator discussed before. The only differ- 
ence is in the arrangement of the tickler coil 
and the tuning capacitor. In the Hartley, 
the single coil with a tap near the cathode end 
takes the place of the two separate coils used 
in the tuned grid oscillator. The feedback 
can be controlled by adjusting the tap on the 
coil to vary the number of turns between the 
plate and the cathode. Note, too, that the 
entire coil is tuned by capacitor C and to- 
gether they form the resonant circuit. The 
tank circuit is thus common to both plate and 
grid circuits. 

The initial starting action is similar to that 
of the tuned grid oscillator explained in de- 
tail earlier in this chapter. Coil L-L1 func- 
tions as an autotransformer. When the plate 
voltage is applied, a surge of plate current 
flows through L. By the transformer action an 
alternating current is caused to flow in the 
tuned circuit. The oscillating current flowing 
in the tuned circuit produces a voltage drop 
across L and L1. Because the lower end of Ll 
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is connected to the cathode through bypass 
capacitor C2, the AC voltage across L1 is 
applied to the grid-cathode circuit. This AC 
voltage causes the plate current to vary at 
the same frequency as the alternating current 
within the tank. 


The RF choke, of course, has high imped- 
ance to RF current and low resistance to DC. 
Therefore, it permits only the DC component 
of the rectified grid current pulses to flow 
through it and the grid resistor R. Bias builds 
up in the same way as in the tuned grid 
oscillator, and soon the tube is biased for 
class C operation. 


Another type of Hartley circuit is the modi- 
fied Hartley. Notice that the modified Hart- 
ley is arranged so that one side of the tuning 
capacitor may be grounded. The plate of the 
tube is maintained at RF ground potential 
by the bypass capacitor C2, and the RF com- 
ponent of the plate current flows from cathode 
to plate, through the bypass capacitor to L, 
back to the cathode. With this arrangement, 
a ganged capacitor may be used for tuning, 
and the rotors of the ganged sections can be 
common to ground. Keeping the rotor of the 
capacitor at ground potential in this way 
eliminates the harmful effects of hand capaci- 
tance. If the rotor is not grounded, you add 
capacitance to the resonant circuit when your 
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hand is at the rotor tuning it. Then, when you 
remove your hand, you remove the hand 
capacitance and the circuit is no longer tuned 
to the desired frequency. 


One disadvantage of the modified Hartley 
is that the cathode is not at RF ground poten- 
tial. The heater is usually at ground potential, 
and the capacitance between the cathode and 
the heater is in parallel with a portion of the 
tank coil. As the temperature of the heater 
changes, the interelectrode capacitance is al- 
tered, and the frequency of the oscillator is 
changed. To avoid this trouble when using a 
modified Hartley in transmitters requiring 
high frequency stability, special care must be 
taken to maintain the heater at cathode RF 
potential by placing RF chokes in the heater 
leads. 


Both types of Hartley oscillator shown here 
—the regular and the modified Hartley — 
have been shown as series fed. In both, the 
power supply was shown in series with the 
feedback section of the coil. In both cases, too, 
the grid leak bias system was of the shunt 
type. It is possible, though, to arrange the 
Hartley otherwise. 


The conventional Hartley can use either 
shunt or series feed. If shunt feed is used, the 
grid leak bias may be developed by either 
the series or the shunt method. Where the 
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conventional Hartley is series fed, however, 
the bias must be developed by the shunt 
method. Series bias cannot be used with a 
series fed conventional Hartley, because that 
would put the DC power supply between the 
cathode and the grid and apply a positive DC 
potential to the grid. The modified Hartley, 
on the other hand, can only be series fed. It 
can develop grid leak bias, though, by either 
the series or the shunt method. 


The tank circuit of the Hartley oscillator is 
tuned by means of the capacitor. A tank 
circuit may normally be tuned by varying 
either the inductance or the capacitance, 
but in the Hartley oscillator only capacitance 
tuning is used. Varying the inductance would 
be inconvenient, because a change in tuning 
would cause a change in grid excitation unless 
the inductance of both grid and plate coils 
were variable. 


COLPITTS OSCILLATOR 


The Colpitts oscillator, like the Hartley, 
has the tank circuit common to both plate 
and grid circuits. The only essential difference 
is the arrangement of the tuned circuit. In 
the Colpitts, two capacitors are connected 
in series to resonate with a single coil. Note 
this in the Colpitts circuit shown here. The 
cathode is connected between the two sec- 
tions of tuning capacitors C and Cl. The 
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effect is the same as if the coil had been 
tapped. In this circuit, feedback is capacitive. 
It is obtained by coupling the plate to capaci- 
tor C. 

To show how oscillations get started in the 
Colpitts tank, the circuit has been rearranged. 
When the DC potential is applied to the tube, 
plate current flows. Because of the DC voltage 
between points A and B, a charging current 
will also flow into C and Cl. As in the Hartley 
oscillator, the tuned circuit is a divided cir- 
cuit. One path is through C and the other 
through L and C1 in series. This parallel 
circuit is effectively across the power supply. 

When plate voltage is applied, current starts 
to flow from cathode to plate and also up 
through the parallel branch consisting of 
C and series components C1 and L. The volt- 
age developed across C1 is positive at the top, 
and being applied to the grid, drives the tube 
into saturation. Meanwhile, the current 
through Cl and L causes a magnetic field 
to be built up around L. When C1 is fully 
charged, current ceases through L and its 
field collapses. This collapsing field causes 
current to continue in the same direction 
through the coil. Since the RF choke is in 
the battery line, this current causes the charge 
on top of C1 to become more positive. It also 
changes the charge on C so that the top plate 
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of C becomes negative with respect to its 
bottom plate. When the field has completely 
collapsed, the voltages across capacitors C 
and C1 are series-aiding, and these capacitors 
start to discharge. As a result, the voltage 
applied to the grid decreases from maximum 
positive and the plate current also decreases. 
At the same time, the discharge of capacitors 
C and Cl causes a new field of the opposite 
polarity to build up around L. When the 
voltages across the capacitors equalize, the 
field collapses again, and again the current 
continues in the same direction in the oscil- 
latory circuit. This time, though, it is in the 
opposite direction, and the top of Cl goes 
negative. Eventually this cuts off the tube 
until the oscillatory action again brings the 
tube out of cutoff, starting a new cycle of 
events. 


To change the excitation voltage, the rela- 
tive capacitance of both C and C1 should be 
changed. Changing C alone would change the 
excitation voltage, but it would also change the 
frequency. Changing both C and Cl varies 
the division of the voltage between C and Cl. 
In this way, the voltage developed across C1 
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and applied to the grid of the tube can be 
changed without changing the total capaci- 
tance of the circuit or the frequency. 


The Colpitts oscillator could be tuned by 
varying either the inductance or the capaci- 
tance of the tuned circuit. Generally, though, 
it is tuned by varying the inductances. This is 
done by means of a variometer or a variable 
powdered iron core. The main advantage of 
tuning by variable inductance instead of by 
variable capacitors is that, at low frequencies, 
the fixed capacitors may have relatively large 
capacitance and may still be small in physical 
dimensions. 


Good frequency stability is obtained in the 
Colpitts by using tank capacitors of com- 
paratively large capacitances. The advantage 
of this is that the tube and circuit capaci- 
tances in parallel with the tuned circuit are 
small compared to the capacitance of the 
tuned circuit. Hence, changes in tube and 
circuit capacitances change the total capaci- 
tance of the circuit by a very small percentage. 
Bias is obtained in exactly the same way as in 
the Hartley. 


In the Colpitts circuit on page 27 note 


that the grid-leak resistor R must be connected 
by the shunt method. If series grid leak were 
used, the rectified DC in the grid circuit 
would have no return path to the cathode. 
Since the cathode is connected between the 
capacitors, the grid would be completely iso- 
lated from the cathode so far as DC is con- 
cerned. 

To see how the feedback for the Colpitts 
oscillator is determined, find the value of grid 
capacitor C1 in the Colpitts oscillator shown 
on page 27. Assume that the tube has a 
u(mu) of 10 and is capable of supplying 5 watts 
to the plate tank. Assume also that the plate 
tank has an effective resistance of 5 ohms and 
that the oscillator is oscillating at 1000 ke 
with 300 volts applied to the plate. 


Solution: 


1 
Feedback voltage =- x plate voltage 
Le 


300 
= 70 = 30 volts 


The RF current can be determined from the 
power formula, 


P=I°R 
Therefore, 


Substituting, _ 
= 3: = 1] ampere 
5 


C2 


Feedback voltage can be determined from the 
equation, 


b=I1X, 
Thus, 
xX, 7 2-30 ohms 
But, in another equation, 
ae: 
° 2rFC 


Using the second equation for X,. and sub- 
stituting 30 ohms for X, and 1,000 kc for F, 


7 159 
~ 100010330 
=.005 microfarad 


In practice, this capacitor would have a 
lower value. This would increase X,. and 
make the excitation large enough to develop 
enough bias to operate the tube class C. The 
final settings would be made by using a meter 
to read the grid current and adjusting the 
circuit to make the grid current correspond 
to the rated value. The capacitors selected 
for C1 and C are usually of such size that the 
ratio of C1 to C is about 3 to 1. 
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TUNED PLATE TUNED GRID OSCILLATOR 


The tuned plate tuned grid oscillator 
(TPTG) is exactly what its name implies. 
In this circuit, notice that the plate and 
grid circuits are each tuned separately. The 
feedback energy from the plate circuit to 
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Tuned Plate Tuned Grid Oscillator 


the grid circuit is obtained through the plate- 
to-grid interelectrode capacitance. This is 
shown by the broken lines of C,,, in the circuit. 


This type of oscillator is not frequently used. 
Its two tuned circuits make its tuning adjust- 
ments more difficult than those of other oscil- 
lator circuits. Though it is sometimes used 
at very high frequencies, the reason it is 
discussed here is primarily to give you a 
knowledge of its operation. This knowledge 
will help you understand the crystal-con- 
trolled oscillator and the need for neutraliza- 
tion to prevent undesired oscillation in a 
tuned RF amplifier. 


Applying a DC potential to the circuit 
allows a surge of plate current to flow through 
L1. This releases energy to the resonant plate 
circuit and starts it oscillating. The oscillating 
current in the plate tank causes an RF volt- 
age to be developed across it. Since one end 
of the tank is connected to the plate and the 
other to the cathode through C3, the result- 
ing plate-to-cathode voltage var.es at the 
frequency of the oscillating current in the 
tuned circuit. This changing RF voltage be- 
tween plate and cathode causes RF current 
to flow through the plate-to-grid capacitance 
C,, through C2, the tuned grid circuit, and 
back to the cathode. This sets up oscillations 


GENERATOR REPRESENTS THE AC VOLTAGE 
DEVELOPED ACROSS TANK OF PLATE CIRCUIT 


Equivalent Circuit of TPTG 
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in the grid tank. The RF voltage developed 
across the grid tank, as the result of the RF 
current, furnishes the grid excitation. 


Grid leak bias is obtained in exactly the 
same way as in the oscillators discussed be- 
fore. 


To understand exactly how the excitation 
voltage is developed, refer to the equivalent 
circuit. In this circuit, the generator repre- 
sents the varying RF voltage developed across 
the tank of the plate circuit. If the grid tank 
is tuned to about the same frequency as the 
plate tank, it offers high impedance to the 
feedback current and a voltage is developed 
across the grid tank. This voltage is applied 
to the grid of the tube and produces varia- 
tions in plate current which act to keep the 
plate tank oscillating. As in the case of other 
oscillators discussed, energy in the output 
circuit is fed back to the grid circuit to sus- 
tain oscillations. 


You recall that, to produce oscillations, the 
feedback voltage must be in phase with the 
excitation voltage on the grid. Since the RF 
plate voltage is about 180° out of phase 
with the grid voltage, it is necessary to change 
the phase of the RF plate voltage fed back 
to the grid circuit. In this oscillator, proper 
phase relationship is obtained by tuning the 
plate tank to a frequency somewhat higher 
than the desired output frequency. This makes 
the plate circuit slightly inductive at the 
operating frequency and supplies a small in- 
phase voltage to the grid circuit to sustain 
oscillations. 


Thus, the frequency of oscillation is lower 
than the resonant frequency of tuned plate 
circuit. If the resonant frequency of either 
tank is changed, the frequency of oscillation 
will change a certain amount, but the tuned 
circuit with the higher Q will primarily con- 
trol the frequency of oscillations. Still, the 
two circuits must be tuned to about the same 
frequency for oscillation to continue. Another 
requirement for maintaining oscillation at the 
desired frequency is that the tube used have a 
low plate-to-grid capacitance. Otherwise, the 
frequency may vary back and forth between 
the resonant frequency of the plate circuit 
and that of the grid circuit. 


INCREASING C ——————-3 


Plate Current Tuning Indication 


Usually a DC plate current meter is used 
to indicate proper tuning. The graph shows 
how the plate current varies as the tuned 
plate circuit is adjusted. With the capacitor 
set at minimum capacitance, the circuit is 
inductive and oscillations occur if the tank 
circuit impedance is great enough. As the 
plate tuning capacity is gradually increased 
toward point B and resonance is approached, 
the impedance increases and so does the 
excitation voltage. Increasing the excitation 
voltage increases the bias. This causes the 
DC plate current to decrease. Thus, when 
the capacity is increased to point B — the 
point where the circuit is tuned to resonance 
— the plate current is minimum, and the 
oscillations are at their greatest magnitude. 
If the capacity is increased beyond point B 
(toward point D), the plate current increases 
and the magnitude of oscillation decreases. 
At point D, the circuit is no longer inductive 
and oscillations cease. Still, when this method 
of tuning is used, the plate is not tuned for 
minimum, but to a point indicated by A or C 
on the graph. Though the DC plate current 
here is slightly higher than minimum, the 
oscillator is more stable in operation at this 
point. If the circuit is tuned to minimum 
plate current (point B), any change might 
alter the reactance of the circuit and cause 
the oscillations to stop. 
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Quartz Crystal Cuts 


CRYSTAL OSCILLATORS 


When the frequency of a transmitter must 
be held within close limits, a crystal controlled 
oscillator is used. This is an oscillator in which 
a specially cut crystal controls the frequency. 


Certain types of naturally occurring crystals, 
such as quartz, Rochelle salt, or tourmaline, 
have piezo-electric properties. That is, properly 
cut plates of these crystals have the property 
of producing a voltage when mechanical stress 
is applied to them. Conversely, if a voltage is 
applied to them, they will vibrate mechanically 
at the frequency of the applied voltage. The 
amplitude of vibration of a given crystal, 
though, is much larger at one fréquency than 
at other frequencies. This is known as the 
resonant frequency of the crystal. A crystal’s 
frequency of mechanical resonance, or fre- 
quency of oscillation as it is often called, 
depends on its physical dimensions and the 
way it is cut. 


Quartz crystals are used extensively in 
oscillators. A perfect crystal has a hexagonal 
cross section, as shown. The crystals used in 
electrical circuits are thin sheets cut from the 
natural crystal and are ground to the proper 
thickness for the desired resonant frequency. 
For any given crystal cut, the thinner the 
crystal, the higher the resonant frequency. 
The cut of the crystal means the definite 


way in which the usable crystal is cut from 
the natural crystal. Crystals are cut at various 
angles with respect to the X, Y, or Z axis. 
The various types of cuts are X, Y, AT, BT, 
CT, DT, and GT. Only the X, Y, and AT cuts 
are shown in the illustration. In the X and Y 
cuts, the face of the crystal is cut parallel to the 
Z axis. AT, BT, CT, DT, and GT are called 
special cuts. They are cut with the face of 
the crystal at an angle to the Z axis. 


The purpose of the special cuts is to in- 
crease the stability of the crystal by reducing 
its coefficient of temperature drift. Temperature 
drift is the change in the resonant frequency 
of the crystal with changes in temperature. 
The temperature coefficient is the relationship 
between the frequency change and the tem- 
perature change. If the frequency increases 
with a temperature rise, the crystal has a 
positive temperature coefficient. If the fre- 
quency decreases with a temperature rise, the 
crystal has a negative temperature coefficient. 
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The temperature coefficient is usually given 
as the number of cycles per megacycle change 
per degree centigrade temperature change. 

The temperature coefficient is determined 
by the cut. The X cut has a negative tem- 
perature coefficient. The Y cut has a positive 
temperature coefficient. The AT cut has a low 
or practically zero temperature coefficient. 
The GT cut has a zero temperature coefficient 
over a wide temperature range. 

Transmitters which require a very high 
degree of frequency stability, such as broad- 
cast transmitters, use temperature-controlled 
ovens to maintain a constant crystal tempera- 
ture. These ovens are thermostatically con- 
trolled containers in which the crystals are 
placed. Of course, crystals with special cuts 
are used with a temperature coefficient as 
close to zero as possible. 

The type of cut also determines the activity 
of the crystal. Some crystals vibrate at more 
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than one frequency and thus will operate at 
harmonic frequencies. These crystals are com- 
monly called crystals with multiple peaks. 
Crystals which are not of uniform thickness 
may have two or more resonant frequencies. 
Usually one resonant frequency is more pro- 
nounced than the others, and the others are 
called spurious frequencies. Sometimes such a 
crystal oscillates at two frequencies at the 
same time. In other cases, the crystal jumps 
frequency as the plate tank capacitor is 
varied past a certain point. 


The amount of current that can safely pass 
through a crystal ranges from 50 to 200 
milliamperes. When the rated current is 
exceeded, the amplitude of mechanical vibra- 
tion becomes too great, and the crystal may 
crack: Overloading the crystal affects the 
frequency of vibration because the power 
dissipation and crystal temperature increase 
with the amount of load current. 


Crystals are mounted in holders which sup- 
port them physically and furnish the electrodes 
by which the voltage is applied to them. 
Crystal holders have a significant effect on the 
frequency. In fact, some variable gap holders 
will shift the frequency of a 14-mc crystal as 
much as 20 to 50 ke through variations in the 
air gap. 

The frequency stability of crystal controlled 
oscillators depends on the Q of the crystal 
and its temperature coefficient. The Q of a 
crystal is very high. It may be more than 100 
times that obtainable in an equivalent elec- 
trical circuit. The Q of a crystal is determined 
by the cut, the type of holder, and the accuracy 
of grinding. Commercially produced crystals 
range in Q from 6000 to 30,000, while some 
laboratory experimental crystals range in Q 
up to 400,000. 


The following data show the relative size 
and characteristics of a typical crystal. 
Dimensions 
Thickness—0.636 cm 
Width—3.33 cm 
Length—2.75 cm 


Resonant frequency—430 kc 


Equivalent electrical characteristics 
Inductance—3.3 h 


mF 


Equivalent Circuit of Quartz Crystal 


Capacitance—0.042 mmf 
Capacitance of holder—5.8 mmf 
Q—23,000 


When placed in an electrical circuit, a 
crystal can act like a very high Q series 
resonant circuit. The electrical circuits asso- 
ciated with a vibrating crystal can be rep- 
resented by an equivalent circuit composed of 
resistance, inductance, and capacitance, as 
shown. In this circuit, Cl represents the 
capacitance between the metal plates of the 
crystal holder. When the crystal is not vibrat- 
ing, the circuit acts only as this capacitance. 
The series combination of L, C, and R rep- 
resents the electrical equivalent of the vibrat- 
ing crystal characteristics. The frequency 
stamped on a crystal holder is usually the 
parallel resonant frequency of the crystal and 
its holder as applied in an oscillator circuit. 


Don’t take this to mean, though, that an 
ordinary coil and capacitor could be substi- 
tuted for the crystal to give the same electrical 
characteristics. The Q of the crystal circuit is 
many times higher than that of an equivalent 
LC-type circuit. This high Q factor gives the 
crystal circuit stability which could never be 
obtained in an ordinary tank circuit. 


Since a vibrating quartz crystal is equivalent 
to a resonant circuit, it can be used in place 
of the usual tuned circuit as a frequency 
controlling element in an electron tube oscil- 
lator. The circuit shown represents the 
common-type crystal oscillator. It is similar 
to the tuned plate tuned grid oscillator, with 
the crystal replacing the tuned grid circuit. 
The feedback takes place through the plate- 
to-grid interelectrode capacitance. The oscil- 
lations occur at the resonant frequency of the 
crystal, and the plate circuit is tuned slightly 
higher, or inductively. 


The operation of this circuit is similar to 
that of the tuned plate tuned grid oscillator. 
When the filament has heated the cathode to 
the emission point, the plate voltage is 
applied, and the tube starts conducting. The 
surge of plate current flowing through L re- 
leases energy to the resonant plate circuit and 
starts it oscillating. The RF voltage developed 
by the alternating current in the plate tank is 
applied to the crystal through the plate-to-grid 
capacitance and bypass capacitor C1. Placing 
this voltage across the two plates of the crystal 


holder causes the crystal to bend physically. 
When the first surge of plate current is over, 
the crystal springs back to its normal shape. 
In doing this, it generates a voltage of its own, 
causing the ‘grid to become positive. The grid 
then draws current, becomes negative, and 
the cycle is repeated. If enough energy is 
applied back to the circuit in the proper phase 
to make up for resistive losses, the process 
continues at the mechanically resonant fre- 
quency of the crystal. 


A resistor is connected from grid to ground 
through a choke to allow electrons which have 
been attracted to the grid on the positive 
swing to return to the cathode ground. The 
current flowing through this resistor develops 
the bias voltage. The capacitor usually asso- 
ciated with the grid leak resistor is not neces- 
sary, because the crystal and holder serve in its 
place. 


In the tuning of a crystal oscillator, a 
meter is generally used. Note the crystal 
oscillator circuit. The meter is placed in series 
with the plate circuit. DC plate current flows 
from the cathode to the plate, then through 
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the meter. Any change in plate current is 
thus shown on the meter (a DC milliammeter). 
When the oscillator is generating its greatest 
amount of RF current, the grid draws its 
greatest current, and the bias is maximum. 
This holds the plate current to a minimum, 
and the meter reading is at a minimum. Now 
you might think that the oscillator should be 
tuned for this minimum, for it is here that the 
amplitude of oscillations is greatest. In actual 
tuning, though, the plate is first tuned for 
minimum by adjusting the tuning capacitor 
in the plate tank, then it is detuned (the 
capacity is reduced) to cause about 3 to 5 
ma more plate current to flow than at mini- 
mum. 


The reason for not tuning the plate circuit 
to the exact crystal frequency is that exact 
tuning would result in erratic and unstable 
operation as in the case of the tuned grid 
tuned plate oscillator. To understand this, 
examine the graph, Plate Current Tuning 
Indication, on page 31. Notice that, as the 
plate tank capacitor is shifted from low to high 
capacity (from a higher frequency to a lower 


frequency), the plate current gradually de- 
creases to a minimum, then suddenly jumps 
to a maximum. At this point, oscillations 
cease. At point B, the plate tank circuit is 
at the resonant frequency of the crystal. 
At this point, X;=Xc and the RF current 
in the tank is maximum. At the same time, 
the DC in the plate circuit is minimum. This 
is fine — but the oscillator is not stable at 
this point, because any slight change in load- 
ing conditions may cause it to jump to point 
D and stop oscillating. The oscillator is there- 
fore usually tuned to operate around point C. 


This discussion leads to the explanation of 
the feedback necessary to sustain oscilla- 
tions and make the oscillator stable. Looking 
at the graph of phase relationships in a 
crystal oscillator, you will see that when the 
grid voltage (K,) goes positive, the plate 
current (I,,) increases, and the instantaneous 
RF voltage at the top of the tank (E,) de- 
creases. This is true for a pure resistive load. 
With a pure resistive load, the excitation 
(grid) voltage is 180° out of phase with the 
RF component of plate voltage. If the plate 
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Feedback Action in a Crystal Oscillator 


tank were tuned to the exact crystal fre- 
quency, the load would be purely resistive, the 
phase relationship would be as shown, feed- 
back would not occur, and the circuit would 
not oscillate. However, if the circuit were 
tuned slightly inductive, the plate RF voltage 
would be shifted to the left of the 180° posi- 
tion by an amount indicated by B. Since the 
plate current and the grid voltage are exactly 
in phase, the RF plate voltage will no longer be 
exactly 180° out of phase with the grid volt- 
age. As the grid reaches its maximum on the 
positive swing, the RF plate voltage starts to 
decrease from its maximum negative swing. 
This occurs at points P and P1, respectively, 
on the graph. When the plate circuit is made 
slightly inductive, therefore, the phase of the 
voltage fed back to the grid circuit is such 
that the feedback aids the grid voltage. 


This is shown in the circuit, Feedback Ac- 
tion in a Crystal Oscillator. Here, the plate- 
to-grid interelectrode capacitance is shown 
as capacitor C,,. When the RF plate voltage 
is maximum on its negative swing, the top 
plate of the capacitor, C,,, is less positive 
than the bottom plate — that is, there are 
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more electrons on it. As the RF voltage 
starts to decrease from its negative maxi- 
mum, electrons from plate 1 of capacitor C,,, 
move into the plate circuit and electrons from 
the grid circuit move up to plate 2 of capacitor 
C,,,. These electrons flow from ground through 
the grid resistor, as shown by the arrows. In 
doing so, they develop a voltage across the 
grid circuit which is of the same polarity as the 
excitation voltage supplied by the crystal. 
Hence, tuning the plate inductively effectively 
shifts the phase of feedback voltage so that it 
aids the grid excitation voltage supplied by 
the crystal and sustains oscillation. The 
amount of feedback voltage is varied by the 
tuning of the plate circuit. Feedback is of 
the proper phase to produce maximum RF 
amplitude when the plate circuit is tuned to 
point B on the graph, Plate Current Tuning 
Indication, on page 31. The plate circuit 
must be tuned far enough on the inductive side 
of resonance to prevent changes in the load 
placed on the tank of the oscillator by second- 
ary circuits of the transmitter from stopping 
oscillation. 


The power output that can be obtained from 


a crystal oscillator is limited. If too high an 
excitation voltage is applied to an active 
crystal, it may vibrate strenuously enough to 
shatter itself. For this reason, the triode tube 
crystal oscillator shown on page 34 is seldom 
used. Usually, a pentode or tetrode is used 
instead, for pentodes and tetrodes are tubes 
of high power sensitivity. With them, a 
comparatively high power output may be 
obtained from a small excitation voltage. This 
means that only a small amount of excitation 
voltage is needed to drive the tube to full 
power output, and a relatively small amount 
of feedback is enough to meet the require- 
ments for oscillation. The small grid-to-plate 
capacitance in these tubes offers high imped- 
ance to RF and limits the grid excitation to 
the small required value. In fact, this feed- 
back by the interelectrode capacitance may 
be too small, and it may be necessary to add 
additional capacity between grid and plate. 


(] CRYSTAL 


The operation of the typical pentode crystal 
oscillator circuit shown here is identical to 
that of the triode just explained. Capacitor C4 
represents a capacitor that may have to be 
added to supply sufficient feedback to keep 
the circuit oscillating. 


Note that in this circuit grid leak bias is 
supplemented by cathode bias. Cathode bias 
is developed by resistor R. The DC flowing 
from cathode to plate develops a voltage 
across the resistor that makes the end con- 
nected to the cathode positive with respect 
to ground. Since the lower end of the cathode 
resistor is effectively connected to the grid 
by R1 and the choke, any voltage developed 
across R appears between the grid and the 
cathode. This makes the grid negative with 
respect to the cathode by an amount equal 
to the voltage drop across R. Capacitor C 
is a bypass capacitor to bypass the RF com- 
ponent of plate current around the cathode 
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Pierce Crystal Oscillator 


resistor. The cathode resistor R is sometimes 
referred to as a minimum bias resistor, for 
bias voltage is developed across it any time 
plate current flows. Thus it is independent 
of oscillation and prevents excessive tube 
current if oscillation stops. 


PIERCE OSCILLATOR 


The Pierce oscillator is a crystal oscillator 
that is similar to the Colpitts. The voltage 
division is accomplished through the plate-to- 
cathode (C,,) and the grid-to-cathode (C,,) 
capacitance of the tube. In the Pierce circuit 
shown here, these two capacitances are repre- 
sented by dotted lines. The amount of feed- 
back depends on the grid-to-cathode capaci- 
tance. Capacitor C shunts the grid resistor 
and thereby reduces the amplitude of the 
generated RF voltage. C1 keeps the DC off 
the crystal and provides an RF path for feed- 
back. Resistor R is the grid leak resistor. The 
Pierce oscillator may or may not have a tuned 
circuit. The only requirement is that the 
plate circuit be inductive enough to make the 
feedback of the proper phase. This can be 
accomplished by an inductively tuned circuit 
or a small RF choke. The fundamental opera- 
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tion of the Pierce oscillator is the same as 
that of any crystal oscillator. The tube may 
be a triode, pentode, or tetrode. 


ELECTRON-COUPLED OSCILLATOR 


The name electron-coupled oscillator does 
not signify a different type of oscillator. It is 
a name applied to any oscillator which uses an 
electronic method of coupling the signal from 
the oscillator to its load. As you know, the 
oscillator in a transmitter circuit provides the 
excitation voltage for the other stages. In 
the usual oscillator, this load is inductively or 
capacitively coupled to the oscillator. A 
Hartley oscillator supplying the excitation 
voltage for a stage of RF amplification, for 
example, would normally be connected capaci- 
tively or inductively to the grid of the fol- 
lowing RF amplifier. This has its disadvan- 
tages, however. As pointed out before, the 
frequency of an oscillator is determined to 
a certain extent by the nature of the load. 
Any change in the load causes a corresponding 
change in the oscillator frequency. Thus, 
tuning the amplifier plate tank by changing 
the capacity of this tank causes a change in 
load impedance which is reflected back into 
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Electron-Coupled Oscillator 


the oscillator tank. This is true not only for 
a Hartley but for all conventional oscillators. 
When they are coupled in such a way as to 
provide power to a load, they are subject to 
frequency variation with a varying load resist- 
ance. With the electron-coupled oscillator, 
the load is coupled to the oscillator by means 
of the electron stream within the tube. In 
this way, nearly all of the reaction between 
the tuned circuit of the oscillator and the 
load is eliminated. 

In the typical electron-coupled oscillator 
circuit shown here, the cathode, control grid, 
and screen grid of the pentode constitute the 
triode of a Hartley oscillator. The screen grid 
is the plate of the Hartley. Consequently, the 
electron stream which arrives at the pentode 
plate varies at the oscillator frequency and 
produces an RF voltage across the tuned plate 
circuit. 

The Hartley oscillator circuit operates in 
the same way as any other Hartley. The 
frequency of oscillation is primarily de- 
termined by L and C, as in the case of the 
other oscillators studied. 

Inside the tube, the entire electron stream, 
of course, reaches the screen grid. Of these 
electrons, enough strike the screen grid to 
maintain oscillations. Because of the construc- 
tion of the screen grid, though, a large number 
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of electrons pass through it and are attracted 
to the plate. The number of electrons reach- 
ing the plate increases and decreases at the 
frequency of the oscillating circuit, because 
the screen grid current is varying at the reso- 
nant frequency of the oscillator section. Thus, 
the screen grid is acting as a virtual cathode, 
with the emission of electrons varying from 
maximum to minimum periodically. It is 
impossible, of course, to heat an actual cathode 
to produce this effect, but here, the Hartley 
oscillator section serves the same purpose. 
When the fluctuating electron stream reaches 
the plate and passes on to the tank circuit 
C1-L1, oscillations of the same frequency are 
set up in the plate tank. The energy supplied 
to the plate circuit makes up for losses in 
the plate tank with the result that the circuit 
continues to oscillate. The plate section is 
called the load which the oscillator is supply- 
ing. It can also be tuned to a harmonic fre- 
quency as well as the fundamental. 

The electron-coupled oscillator has very 
good frequency stability because the oscilla- 
tor circuit and the plate circuit are coupled 
only by a stream of electrons. The screen 
grid is at RF ground potential and isolates the 
plate circuit from the oscillator circuit. This 
prevents changes in the output circuit from 
causing frequency variations in the oscillator. 


In fact, the oscillator section is so well isolated 
that it will oscillate with very little change 
in frequency — in some cases even with the 
plate disconnected. Because the plate circuit 
is isolated from the oscillator circuit, the 
electron-coupled oscillator has a high degree 
of frequency stability. 

Another cause of frequency variation or 
instability in an oscillator, as pointed out 
before, is the change in the plate resistance 
caused by changing tube potential. In a 
pentode amplifier, an increase in screen grid 
voltage tends to decrease the plate resistance 
while a decrease in plate voltage tends to 
increase the plate resistance. Therefore, if 
both the screen grid and the plate voltage 
are varied in proper proportion at the same 
time, the plate resistance remains essentially 
constant. The result is increased stability. 
The proper ratio of screen grid to plate volt- 
age is obtained by using a voltage divider (R1). 
A point can be found on this voltage divider 
where the variation in plate voltage will be 
balanced by an equal and opposite change in 
screen grid voltage. The tap on the resistor 
is adjusted experimentally for the best stabil- 
ity. 

Clearly, then, the electron-coupled oscil- 
lator circuit shown here is one that is free of 
frequency variations due to either change in 
load or to variation in the plate supply volt- 


age. Don’t infer from this, though, that the 
electron-coupled oscillator offers the degree of 
stability that can be obtained in the crystal- 
controlled oscillator. Still, the electron-coupled 
oscillator has the advantage of being con- 
tinuously variable over a specific frequency 
range, with relatively good stability. It is 
therefore used in frequency meters, where both 
stability and variability are required. 

The ultimate in stable oscillators is the 
crystal-controlled, electron-coupled oscillator. 
It is used in several Air Force VHF trans- 
mitters requiring extreme frequency stability. 


PUSH-PULL OSCILLATOR 


To get a power output larger than is pos- 
sible with a single tube oscillator, another tube 
may be added. In the circuit of the tuned 
grid tuned plate push-pull oscillator, notice 
that the tube is added in push-pull instead of 
in parallel. This is done to avoid adding the 
interelectrode capacitances of the tubes. By 
this means, the tendency to generate parasitic 
oscillations is minimized, and the maximum 
frequency at which the oscillator may be 
operated is extended. The oscillator depends 
on interelectrode capacitance of each tube, 
though, to feed back to the input enough of 
the output to maintain oscillation. 


When the oscillator is first energized, it is 
very improbable that the two tubes both have 
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Push-Pull Pentode Crystal Oscillator 


exactly the same operating conditions at 
every instant. One tube passes a larger current 
than the other, and the voltages fed back to 
the two grids are therefore unequal. This 
initial surge of energy into the two tank 
circuits causes an oscillation of voltage in the 
tank circuits as the energy is interchanged 
alternately between the magnetic and electric 
fields. 


Ultraudion Oscillator 


In operation, first one tube conducts and 
then the other. As they do this, each tube 
contributes energy to the tank circuit at the 
proper time to cause the voltage across the 
tank circuit to increase in amplitude. The 
oscillations continue to increase in amplitude 
until the energy lost in the tank circuit itself 
and in the load is exactly equal to the energy 
supplied to the tank circuit. 


Oscillators using two tubes in a push-pull 
circuit may also be used with a quartz crystal. 
The only advantage of such oscillators is that 
they eliminate the even harmonics in the out- 
put. The two tubes require twice as much 
driving power as a single tube, and only tubes 
which require very low grid drive will permit 
a substantial increase in power output with 
the push-pull arrangement. A push-pull crys- 
tal-controlled oscillator using pentodes is 
shown above. 


ULTRAUDION OSCILLATOR 


One type of oscillator used for generating 
frequencies up to about 200 mc (VHF) is the 
ultraudion oscillator. In the circuit shown, 
notice that the grid and plate are connected 
to opposite ends of the tank circuit. This pro- 
duces the phase inversion of the instantaneous 
voltage between the plate and grid. The plate 
is shunt fed, with the RF choke preventing 


Comparison of Curves 


the alternating component of the plate voltage 
from entering the power supply. Capacitor C2 
is a coupling capacitor. It blocks the DC but 
is large enough to have a low impedance to 
the RF current. 


The ultraudion oscillator, like most other 
feedback oscillators, uses self bias instead of 
fixed bias so that oscillations can start. If 
fixed bias were used the grid would be so 
negative at the time the oscillator was turned 
on that the tube would be completely cut off 
and oscillations could not start. With grid 
leak bias, there is no bias when the voltage is 
first applied, and plate current flows freely. 
As oscillations are built up, a small charge 
is put on capacitor C3 each time the lower 
end of the tank circuit swings positive. Part 
of the charge leaks off through R, during the 
time when the grid is not positive relative to 
the cathode. Ultimately, the voltage to which 
C3 is charged makes the grid so negative that 
only a small amount of charge is added to 
the capacitor at the peak of each cycle, and 
all of this small increase of charge leaks off 
through R, during the remainder of the cycle. 
Thus, the grid is automatically maintained at 
the proper bias for good operation. 


The ultraudion circuit is similar to the 
Colpitts circuit as shown in the equivalent 
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circuit. The combination of the grid-cathode 
capacitance and the plate-cathode capac- 
itance forms a voltage-dividing network which, 
in effect, grounds one point on the tank circuit. 
The voltage drop across C,, provides the 
grid excitation. The total tank capactiance 
consists of the tuning capacitor C1, in parallel 
with the series combination of C2, C,., Cyr, 


Equivalent Circuit of Ultraudion 


CURRENT 


25 50 75 
VOLTAGE 


Negative Resistance Curve 


and C3. However, C2 and C3 are large and 
offer negligible impedance to the RF current. 
Thus they do not materially affect the fre- 
quency at which the tank circuit oscillates. 


NEGATIVE RESISTANCE OSCILLATOR 


A tube circuit can possess positive resistance, 
zero resistance, or negative resistance. Pos- 
itive resistance is illustrated by Ohm’s law. 
For any given resistance, the current increases 
as the voltage increases, and decreases as the 
voltage decreases. A device in which the cur- 
rent increases or decreases with corresponding 
voltage increases or decreases is said to have 
positive resistance, or usually, just resistance. 
You have already studied graphs showing this 
relationship, but for comparison, another is 
shown on page 43. You can see that a tube has 
positive resistance by comparing the E,I, 
characteristic curve shown here with the 
positive resistance curve. 

Zero resistance is the condition in the tube 
circuit which results from feedback action. 
In an oscillator circuit, where feedback is 
used for regeneration to offset the losses of 
the grid circuit, the effect is that of a circuit 
without resistance; thus, oscillations are main- 
tained at a fixed amplitude. 


Looking at the negative resistance curve, 
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Tetrode Characteristic Curve 


you will find a condition that is just the oppo- 
site of that shown in the positive resistance 
curve. As the applied voltage is increased, the 
current decreases. Any device which has this 
peculiar characteristic is said to have nega- 
tive resistance. 

Electric arcs and electron tubes in certain 
circuits have negative resistance character- 
istics over a part of their operating voltage 
range. The electric arc is beyond the scope of 
this manual. and will not be eonsidered. But the 
negative resistance of electron tubes is im- 
portant here. Look at the characteristic curve 
for a typical tetrode, and you will see that 
over the region CD, the tube has the prop- 
erty of negative resistance. 

Reviewing the tube action that produces 
this curve will help you understand the oscil- 
lators based on it. At low plate voltages, plate 
current increases with an increase in plate 
voltage. This goes on up to C, then secondary 
emission starts and plate current decreases 
until the plate voltage has become approxi- 
mately equal to the screen grid voltage. At 
this point (D), the plate current curve starts 
increasing, then finally flattens out. In the 
region indicated by CD, the screen grid 
is more positive than the plate and not only 
attracts electrons from the cathode, but also 
electrons of secondary emission from the plate. 


Now examine the schematic diagram of a 
circuit using a triode tube arranged so that 
the grid is more positive than the plate. 
This arrangement will give the tube a nega- 
tive resistance characteristic over a part of its 
operating range. 

When potential is applied, the tube con- 
ducts. Since the grid is positive, electrons are 
attracted to it. Because of the construction 
of the grid, though, most of the electrons pass 
on to the plate. The positive charge on the 
grid accelerates this electron movement. The 
positive charge on the grid plus the charge 
on the plate increases this electron velocity 
to a point where secondary emission occurs 
when electrons bombard the plate. The num- 
ber of electrons emitted from the cathode 
(primary electrons) does not change as the 
plate voltage increases after saturation is 
reached. However, the electrons of secondary 
emission (secondary electrons) do increase in 
number with increases in plate voltage. This 
happens because one primary electron may 
strike the plate violently and cause one or 
more secondary electrons to become dislodged 
from the metal plate. Since the grid is more 
positive than the plate, these secondary elec- 
trons are attracted to the grid. 


Now examine the plate current curve for a 


Negative Resistance Circuit 


circuit with negative resistance. The plate 
current, shown by the meter in the negative 
resistance circuit, increases to point C of the 
curve as the plate voltage increases from zero 
to 30 volts. The section of the curve from zero 
to C is a region of positive resistance. 


Once the plate voltage becomes so high 


Plate Current in Negative Resistance Circuit 
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Dynatron Oscillator 


that it gives the primary electrons a great 
enough velocity to produce secondary emis- 
sion, the plate current becomes equal to the 
difference between the number of primary 
electrons reaching the plate from the cathode 
and the number of secondary electrons lost 
to the grid. Again referring to the curve, 
notice that when the plate voltage increases 
beyond 30 volts, secondary emission increases 
so much that the plate loses almost as many 
secondary electrons to the grid as it receives 
primary electrons from the cathode. This re- 
sults in a progressive decrease of plate current 
to point D. Here, the number of secondary 
electrons lost to the grid has become equal 
to the number of primary electrons, and there 
is no plate current. Plate voltages from 90 to 
150 volts increase secondary emission further 
to the point that the plate loses more secon- 
dary electrons to the grid than it receives pri- 
mary electrons from the cathode. At this time, 
meter M reads backwards, indicating a reverse 
plate current. Thus, the current at this time 
is plotted from D to E below the zero axis. 
When the plate voltage is increased over 
150 volts, the attracting force of the plate 
becomes great enough to attract back some 
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of the secondary electrons. Here, reverse 
plate current decreases, and the curve moves 
upward toward the zero axis. This rise starts 
at E on the curve and continues to F. At 
point F, the number of secondary electrons 
lost to the grid is again equal to the number 
of primary electrons, and the plate current 
meter again reads zero. 


DYNATRON OSCILLATOR 


Any device having the property of nega- 
tive resistance may be used as an oscillator. 
A tube used as a negative resistance device 
is called a dynatron. When R of the nega- 
tive resistance circuit is replaced by a tuned 
circuit, the circuit becomes a dynatron oscil- 
lator. As in other tuned circuits, an alternat- 
ing current of the proper frequency applied 
to the dynatron tank will start it oscillating. 
As you can see in the plate current curve for 
a circuit with negative resistance, the plate 
current is nearly sinusoidal. When this cur- 
rent is applied to the resonant tank in the 
plate circuit, it causes the tank to oscillate. 
The frequency is controlled by the values of 
inductance and capacitance as in the other 
oscillators studied. 


Triodes are not usually used in practical 
dynatrons. Tetrodes also have the negative 
resistance regions in their characteristic curves, 
and they are the tubes commonly used in a 
dynatron oscillator circuit. 


The tetrode dynatron oscillator shown oper- 
ates in the same way as the triode just ex- 
plained. It oscillates when the negative plate 
resistance is less than the impedance of the 
plate tank. Cl and C2 are bypass capacitors 
to bypass RF around the power supply. Fixed 
grid bias is provided by the battery to control 
the amount of negative resistance. Having a 
grid bias that limits the negative resistance to 
a value just low enough for oscillation makes 
the frequency stability very high in the 
dynatron circuit. To limit the negative resist- 
ance to this desired value, the bias must be 
at the most negative value that still permits 
oscillation. 


Referring again to the dynatron circuit, 
note that the B+ voltage is supplied to the 
plate of the tube through the plate tank and is 
lower than the screen grid voltage. The pur- 
pose of the tank is the same as that of any 
other oscillator, namely, that of storing ener- 
gy to set up and sustain oscillations. In design- 
ing this circuit, the operating voltages are so 
adjusted that the point of operation falls at 
point Y of the characteristic curve of the 
tetrode on page 44. When power is applied 
to the tube, plate current starts building up 
as the cathode becomes heated. In any circuit, 
a momentary rise in plate current causes a 
drop in plate voltage. But the power supply 
voltage is constant. Applying Kirchhoff’s 
voltage law, then, it follows that a drop in 
plate voltage must be accompanied by an 
Increase in voltage across the plate tank. 
Applying Ohm’s law, if the voltage across the 
tank increases, the plate current must be 
rising still further. The voltage across the 
tank acts to charge capacitor C, and the 
building up action continues until the cur- 
rent reaches its maximum value at point C 
on the Tetrode Characteristic Curve. At this 
point, secondary emission causes the plate 
current to start decreasing from C toward D. 
Capacitor C starts discharging through L, 
and this action along with the fact that the 
plate current is decreasing induces a voltage 
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in the coil which is in series with the power 
supply. This effectively increases the plate 
voltage. Increased plate voltage accelerates 
the electron movement within the tube, in- 
creasing ‘secondary emission. Plate current 
then falls to its minimum value, D, on the 
curve. Notice, though, that the polarity of 
the induced voltage of L is opposite to what 
it was during the building up process. There- 
fore, capacitor C becomes charged in the 
opposite polarity. When the collapsing field 
about L becomes constant, the induced volt- 
age, which was acting to increase the plate 
voltage, is no longer present. Secondary emis- 
sion then decreases and the plate current 
starts to increase. The cycle is then repeated 
at a frequency determined by the values of L 
and C of the resonant circuit. To have the 
waveform of oscillation sinusoidal, the opera- 
tion is limited to the region of C, Y, D, of 
the characteristic curve. 


The dynatron circuit operates over a range 
of frequencies from audio frequencies to 15 
me. It is extremely stable, for the circuit is 
almost completely independent of voltage 
changes of the tube. The circuit is intended 
mainly for low power output and is used in 
units such as frequency meters where high 
frequency stability is required over a large 
range of frequencies. 


NEGATIVE RESISTANCE PUSH-PULL 
OSCILLATOR 

A negative resistance oscillator can also 
be constructed with two tubes operating in 
push-pull, as shown on the next page. R3 and 
R4 are the load resistors for V1 and V2 re- 
spectively. Rl and R2 are the grid resistors 
of V1 and V2 respectively. Cl and C2 are 
the feedback capacitors for V2 and V1 re- 
spectively. 

If the two tubes should have the same 
characteristics and equal applied voltages, 
plate current flow from each of the two tubes 
is equal. If zero potential should exist be- 
tween points A and B, there would be no 
current flow through the external circuit. 
However, there is always a slight difference in 
the characteristics of the two tubes which 
causes a voltage difference between points A 
and B, causing current flow through the tuned 
circuit. 


B + VOLTAGE 


BIAS VOLTAGE 


Negative Resistance Push-Pull Oscillator 


Where the voltage difference is as indicated 
by the polarity across the tuned circuit 
in the diagram, current flows from point A 
to point B. When this happens, the plate of 
V2 and the grid of V1 become more positive, 
while the plate of V1 and the grid of V2 be- 
come less positive. Because of cross feedback 
from the plate of one tube to the grid of the 
other, the tubes interact with each other. As 
the plate voltage on one tube changes in one 
direction, it helps to drive the plate voltage 
on the other tube in the opposite direction. 


Follow this in the terms of the effect of one 
tube on the other. As the plate of V2 becomes 
more positive, the grid of V1 also becomes 
more positive because the two elements are 
connected through C2. The grid of V1, in 
going more positive, increases the plate cur- 
rent of V1. This increased plate current causes 
an increased voltage drop across R3. Since 
the voltage drop across R3 is subtracted from 
B+ to give the plate voltage of V1, this 
means that the plate voltage of V1 is de- 
creased. Thus, in effect, the increase in V1 
plate current helps to cause the decrease in 
V2 plate current. At the same time, the de- 
crease of plate voltage on V1 helps to cause 
the increase in the plate voltage on V2. This 
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interaction of the two tubes drives each in an 
opposite direction as far as it can go. A limit 
is reached when one tube is cut off. 


In terms of the polarity indicated in the 
diagram, it is V2 which cuts off. With V2 cut 
off, no current flows in the tube. Then no 
current flows in R4, the load resistor. The 
voltage at B is then equal to the full B+ 
voltage. When C2 changes to this full B+ 
voltage, no more charging current for C2 
flows through R1. This eliminates the voltage 
drop across Rl. Thus, the full drop between 
B+ and C—, which was divided between C2 
and R1 when current was flowing through R1, 
is now across C2 alone. This means that the 
grid voltage of V1 suddenly drops from a maxi- 
mum positive value to the value of the bias 
voltage. As a result, there is a sudden de- 
crease in plate current in V1. This, in turn, 
means a sudden rise in plate voltage and con- 
sequently a sudden rise in the grid voltage 
of V2. This rise brings V2 out of cutoff. 
Finally, with V2 conducting, the plate voltage 
of V2 suddenly decreases. 

Now the process is reversed. The tube (V2) 
on which the plate voltage was increasing 
now has decreasing plate voltage. The tube 
(V1) that had decreasing plate voltage now 


has increasing plate voltage. The same inter- 
action as before takes place again, but now 
in the opposite direction until V1 is cut off. 
The alternation — first one tube and then 
the other being driven to cutoff — constitutes 
oscillation. As this occurs, the polarity of the 
voltage across the tank circuit also alternates. 
Current flows back and forth in the tank cir- 
cuit at a rate determined by the elements of 
the tuned circuit. 


With a high selectivity tank circuit be- 
tween points A and B, stable oscillations can 
be maintained with low harmonic content, the 
frequency of oscillation being controlled by 
the tank circuit composed of coil L and capaci- 
tor C. 


This type of negative resistance oscillator 
is used in the 0-5/FR Exciter Unit and one 
type of radio compass. 


MULTIVIBRATORS AND BLOCKING 
OSCILLATORS 


Before discussing ultra high frequency gener- 
ators or oscillators it is well to discuss two 
oscillators belonging to a class known as 
relaxation oscillators. These two are the multi- 
vibrator and the blocking oscillator. Although 
these oscillators are not types used in trans- 
mitters, they are discussed here to round out 
the discussion of oscillators. Their use will 
be covered under the individual discussions 
of each. 


Multivibrator 


The multivibrator is a form of relaxation 
oscillator with an output waveform that is 
nearly rectangular or square in shape. The 
output may be used in this form or it may 
be changed to a sawtooth. 


The multivibrator is commonly used in 
television and radar equipment. In both, 
the multivibrator is used as a sawtooth wave 
generator. Here, the rectangular wave which 
is the natural output waveform, is changed 
to a sawtooth waveform. This process of 
changing a rectangular or square wave to a 
wave of sawtooth form is known as differen- 
tiation. It will be discussed in more detail 
later. 

_ Multivibrators can be classified as free 
running or as driven oscillators. The operation 
and frequency of the latter are controlled by 
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a synchronizing or triggering voltage applied 
from an outside source. The frequency may 
range from about 1 cycle per minute to 100 
ke per second. 


The type of multivibrator discussed here 
is of the free running type. It is commonly 
known as the conventional or plate-coupled 
multivibrator. 


The plate-coupled multivibrator consists of 
two triode amplifiers with the output of the 
second stage introduced back into the input 
of the first. The phase inversion through the 
circuit is 360°. That is, feedback is in phase 
and the circuit oscillates. There are no ele- 
ments in the circuit to limit the feedback to 
any one frequency, so feedback occurs at all 
frequencies. Hence a square wave, containing 
a large number of frequencies, is produced. 


When the heater voltages are on and plate 
voltage is applied, current flows in both tubes. 
If the circuit components were the same in 
both tube circuits and if both tubes were 
exactly alike, the circuit would be symmetri- 
cal, and both currents would be equal. How- 
ever, it is impossible to obtain a_ perfect 
balance in the circuit. Therefore, there is a 
slight change in current in one tube that is 
not accompanied simultaneously by a simi- 
lar change in the other tube, and oscillation 
starts. 


To understand the action of the circuit, 
assume that V1 initially passes more current 
than V2. Now follow the action in the schem- 
atic diagram showing the first switching ac- 
tion. It proceeds as follows: 


1. Current increases in V1. 


2. Voltage drops at plate of V1 due to 
increased voltage across R1. 


3. Capacitor C2 discharges to a lower 
voltage. 

4. The discharge current makes the top 
of R4 negative with respect to the 
bottom. 

5. Since the grid is connected to the top 
of R4 and the cathode is connected to 
the bottom of R4, the grid becomes 
negative with respect to cathode. 

6. The more negative grid at V2 de- 
creases V2 plate current and raises the 
voltage at the plate of V2. 


Switching Action in Multivibrator 


50 


7. Capacitor C1 charges to a higher volt- 
age. 

8. The charging current through R3 
makes the top of R3 positive with 
respect to bottom and consequently 
makes the grid of V1 more positive 
with respect to the cathode. 


9. This greatly increases the current in 
V1, the tube where the original small 
increase occurred. 


10. This cumulative process continues 
until the current in V2 is decreased 
to zero by a grid voltage far beyond 


cutoff. 


11. The circuit now remains in a state of 
equilibrium with C2 discharging at a 
decreasing rate through R4. This grad- 
ually reduces the voltage difference 
across R4. Finally, a point is reached 
where the voltage across R4 is less 
than cutoff and V2 plate current starts 


to flow. 


You can follow the second switching action 
in the next schematic diagram. The action 
proceeds as follows: 


1. As C2 discharges to less than cutoff 
voltage, current flows through V2, 
lowering V2 plate voltage. 


2. Capacitor C1 discharges through R3. 


3. The discharge current of Cl flows 
through R3 and makes the top of the 
resistor and the grid negative. 


4. The negative grid of V1 lowers the 
plate current. This makes the plate 
voltage go up. 

5. Capacitor C2 now recharges. The 
charging current through R4 makes 
the grid positive. 

6. This increases V2 current still more 
and further lowers the plate voltage 
at V2. C1 continues to discharge until 
V1 is cut off. 


7. V1 remains at cutoff while C1 is dis- 
charging. However, since the discharge 
current is decreasing, the voltage 
across R3 is also decreasing. Eventually 
this voltage rises above cutoff. V1 
again conducts, and the entire cycle 
is repeated. 


al 


In summary, this circuit oscillates. For a 
relatively long period of time, one tube con- 
ducts a high current while the other tube is 
cut off. Then there is an extremely rapid 
change so that the other tube conducts and 
the first tube is cut off. 


Blocking Oscillator 


The blocking oscillator is another type of 
relaxation oscillator. It can do many of the 
things that a multivibrator does. Thus it can 
be free running, or it can be synchronized at 
each cycle or at a sub-multiple frequency. 


A blocking oscillator is any oscillator which 
cuts itself off after one or more cycles by the 
accumulation of a negative charge on the grid 
capacitor. Thus, if the oscillator grid swings 
positive with respect to the cathode, electrons 
are attracted to the grid and accumulate on 
the plate of the grid capacitor nearest the 
grid. Since these electrons cannot return to 
the cathode through the tube, they must re- 
turn through the grid resistor. If this resistor 
is large enough, electrons may accumulate on 
the capacitor faster than the resistor permits 
them to return to the cathode. In this case a 
negative charge is built up at the grid which 
may bias the tube beyond cutoff. After the 
tube is cut off, it provides no additional 
electrons to the grid capacitor. However, the 
capacitor continues to discharge through the 
resistor, and a point is reached eventually 
where the tube again conducts. Thus the 
process is repeated, and the tube becomes an 
intermittent oscillator. The rate of recurrence 
of operating conditions is determined by the 
RC time constant of the grid circuit. 


Study the schematic diagram of the simple 
blocking oscillator shown on page 52. Notice 
that provision is made to control the frequency 
by means of synchronizing (sync) pulses pro- 
vided by an outside source. Remember, how- 
ever, that the oscillator will operate without 
synchronizing pulses at its own natural 
frequency — the frequency dependent upon 
the values of C1, R2, and R38. 


OPERATION WITH NO SYNCHRONIZING PULSES. 
1. B+ is applied and plate current flows. 
2. Feedback through the transformer 
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makes the grid positive. and R38. The rate of discharge grad- 
3. C1 charges rapidly from the cathode ually decreases until the voltage across 

current. Electrons pile up on the grid the resistors rises above cutoff. 
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4. Electrons leak off slowly through R2 the process is repeated. 
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OPERATION WITH SYNCHRONIZING PULSES. 
Now look at the grid voltage waveform of a 
blocking oscillator. Notice that a_ short 
positive synchronizing pulse applied to the 
grid drives it above cutoff and allows the 
tube current to flow. Point S shows the time 
at which the synchronizing pulse is applied 
to the grid. The waveform shown by the 
dotted line is the grid voltage or signal which 
is increased in frequency by the synchronizing 
pulse. The waveform shown in solid lines is 
the natural frequency of the oscillator. Note 
that the positive synchronizing pulse should 
arrive at a time when the oscillator is ready 


for triggering (at the time the grid voltage 
has almost reached cutoff). To accomplish 
this, the natural frequency of the oscillator 
must be slightly lower than the forced fre- 
quency. 


One of the practical applications of the 
blocking oscillator is in television where the 
output waveform of the oscillator is changed 
to a sawtooth wave for horizontal deflection. 


TYPICAL ciRcUIT. Note the typical circuit 
used for this purpose. It includes a discharge 
tube with resistors R2 and R1 and capacitor 
C1 in the output of the discharge tube to 
form the desired sawtooth wave. 


Sawtooth Wave Generator 
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Interelectrode and Lead Equivalents 


Notice that a twin triode 6N7 is used. The 
triode section on the left functions as the 
blocking oscillator, and the triode section on 
the right functions as the discharge tube. The 
grid of the blocking oscillator is connected 
directly to the grid of the discharge tube. 
Therefore, the oscillator grid voltage, which 
consists of short positive pulses followed by 
relatively long periods of cutoff, is identical 
with the grid voltage of the discharge tube. 


Capacitor C1 between plate and cathode of 
the discharge tube is the discharge capacitor. 
As the blocking oscillator goes through its 
cycle, Cl charges up to the B+ voltage 
through series resistors R2 and Rl. This 
constitutes the linear rise on the sawtooth 
wave while the discharge tube is held cut off by 
the oscillator grid voltage. When the oscillator 
conducts, it develops a sharp positive pulse of 
grid voltage and drives the discharge tube 
grid voltage positive. Then the discharge 
capacitor discharges rapidly through the low 
resistance of the plate — cathode circuit of 
the discharge tube, and the voltage across 
C1 drops sharply. As a result, the voltage out- 
put across the discharge capacitor is a saw- 
tooth wave of voltage. 
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As you can see in the diagram, the sawtooth 
waveform consists of a linear rise while the 
discharge tube is cut off and a rapid fall for 
the flyback when the discharge tube conducts. 


ULTRA HIGH FREQUENCY GENERATORS 


Ultra high frequency oscillators differ con- 
siderably from the types of oscillators just 
discussed. Conventional oscillator circuit com- 
ponents cannot be used for UHF because they 
have certain limitations in their construction 
and use. These limitations include limitations 
of the physical structure of tube, limitations 
due to RF losses, and limitations due to 
transit time. 


Limitations of Physical Structure of Tube 


At ultra high frequencies, the electron tube 
must be viewed as an AC circuit element 
consisting of capacitances C,,, C,,, and 
C,., and inductances L,, L,, and L, which 
are inherent in the structure of the tube, as 
shown. The combined effect of those capaci- 
tances on the generated. frequency is equiva- 
lent to an increase of the tank capacitance 
C by the amount, 
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At lower frequencies, when C is relatively 
large, this effect is negligible. However as the 
frequency is raised, the interelectrode capaci- 
tances become a proportionately greater part 
of the capacitance of the tuned circuit. 


Since the lead inductances effectively com- 
bine in parallel with the tank circuit induct- 
ance L, their effect on the circuit is to raise 
the frequency. (The total inductance of in- 
ductors in parallel is equal to the reciprocal of 
the sum of the reciprocals of the individual 
inductors.) They may therefore become 
troublesome in the ultra high frequency 
region. For example, a wire 0.040 inch in 
diameter and 4 inches long has an inductance 
of about 0.1 microhenry. At an ordinary broad- 
cast frequency of 1000 kc this inductance 
represents an impedance of 0.63 ohms. At 
100 mc it becomes 63 ohms, and exercises a 
considerable choking effect. In addition, the 
inductance of the cathode lead is common to 
the grid and plate circuits, so that it provides 
degenerative feedback which reduces the 
amplitude of the oscillation. 


To increase the frequency of an oscillator, 
the value of the components of the tank circuit 
must be decreased. Generally, a decrease in 
the value of the elements requires that the 
physical size be reduced also. In the extreme 
case, the external capacitance of the tank 
circuit becomes zero, and the tank circuit 
inductance shrinks to a straight conductor, 
short-circuiting the plate and grid terminals. 
The corresponding frequency is called the 
resonant frequency of the tube, which is the 
upper frequency limit of the tube. Notice the 
diagram of the oscillator at the resonant 
frequency of the tube, which shows this 
condition. Capacitor C. has negligible reac- 
tance at the frequency of oscillation, so that 
the inductance L, of the grid lead is in series 
with the inductance L,, of the plate lead. Thus 
the resonant circuit of the tube, shown by the 
solid lines, is determined by the inductance of 
the plate and grid leads in parallel with a 
combination of the internal capacitances of 
the tube. The oscillator circuit is effectively 
that of an ultraudion circuit. 


Low interelectrode capacitance can be 
attained either by reducing the electrode size 
or by spreading the electrodes farther apart. 
However, unless abnormally high voltages are 
used, spreading the electrodes has the un- 
desired effect of increasing the electron transit 
time. (Transit time is discussed in a following 
section of this chapter.) If all the linear di- 
mensions of an electron tube are reduced by 
a factor n, the tube constants and plate cur- 
rent at fixed operating voltages are unchanged, 
but the interelectrode capacitance, lead in- 
ductance, and transit time are reduced by the 
factor n. Still, reduction of the physical size 
of the tube reduces its power-handling ability, 
for it has only small areas for dissipating heat. 
The reduction of the plate dissipation is 
proportional to the factor 1/n?. Therefore, 
forced air or water-cooled ultra high frequency 
tubes must be used if high average power 
output is to be obtained. 


An additional way of making tubes suitable 
for UHF is to decrease the lead inductances 
further by making the leads of large diameter 
rods and of the shortest length that will pro- 
vide a safe insulating distance between the 
anode and other tube terminals. Thus, the 
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Resonant Frequency of Tube 


leads in most UHF tubes are brought out 
straight through the tube envelope. 


Acorn and doorknob types of tubes give 
the short transit time, small lead inductance 
and capacitance, and small inter-electrode 
capacitance necessary for the production of 
UHF oscillations. 


Acorn triodes will oscillate at wavelengths 
as low as 40 centimeters (750 mc). A typical 
acorn tube is shown in the illustration. The 
leads are brought out directly through the 
glass envelope, and are widely separated to 
reduce the capacitance between them. The 
tube elements are unusually small and closely 
spaced to provide both short electron transit 
time and small interelectrode capacitance. 


Limitations of RF Losses 
As the frequency of an oscillator is raised, 

the RF circuit losses increase because of — 
The increasing skin effect. 
Greater capacitance-charging currents. 
Eddy current loss in the adjacent con- 
ductors. 
Dielectric loss in the glass parts of the 
tube. 
Energy loss by direct radiation from the 
circuit. 
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All these losses increase the loading on the 
tuned circuit. Thus, they decrease the Q of 
the tank circuit and result in poor tube 
efficiency. In addition, the losses increase at 
the expense of the permissible useful load, 
causing poor circuit efficiency and reducing 
the useful output. 


Skin effect forces the current to flow in a 
thin layer on the surface of the conductor. 
For copper, the depth of this layer is given by 
the equation, 


2.63 10-3 
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where d is the depth of penetration of the 
current in inches and F is the frequency in 
megacycles. Thus, the higher the frequency, 
the thinner will be the layer in which the cur- 
rent flows. This means that as the frequency 
increases, the area in which current can flow 
decreases, the resistance increases, and the 
I?R losses that take place in a given conductor 
become greater. 

Skin effect is reduced by using conductors 
of large diameter so that the current can flow 
through a reasonably large cross-sectional 
area even though the depth of penetration is 
small. Thus, the large diameter leads for UHF 
tubes reduce the lead resistance. As a means of 
further reducing skin effect, conductors are 
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often plated with a low-resistivity metal such 
as silver. In cases where corrosion could con- 
vert the surface of the conductor to a high 
resistivity oxide, the conductor is plated with 
gold which does not corrode and which has 
excellent conductivity. 


Because the reactance of interelectrode and 
distributed capacitance becomes small for 
ultra high frequencies, the charging current 
for these capacitances becomes large. A current 
of 60 amperes is not an unusual value for 
large tubes. Such currents contribute nothing 
to the power output, but in flowing through 
the resistance of the circuit they do produce 
losses. Because of skin effect, these large 
currents follow the surface of the metal elec- 
trodes. In some cases, this may cause ex- 
cessive localized heating at the junctions of 
the electrodes and the glass envelope, which 
may result in cracked seals and failure of the 
tube. In UHF oscillators, therefore, the tuned 
circuit is designed with a high L/C ratio. Asa 
result, only a minimum amount of capacitance 
has to be added to the interelectrode capaci- 
tance and the inductance to resonate the 
circuit at the desired frequency. The charg- 
ing current is reduced by the use of special 
tubes in which the capacitances are very low. 
In addition, a push-pull circuit is used to 
reduce the effective capacitance. Since the 
interelectrode capacitances are in series in 


this type of oscillator, the effective capacitance 
shunting the resonant circuit is half that for 
a single tube, and the charging current for 
this capacitance is correspondingly reduced. 


Losses resulting from radiation and eddy 
currents in adjacent conductors are caused by 
the incomplete cancellation of the magnetic 
field surrounding the circuit. If two parallel 
conductors are spaced closely, about 1/100 of 
a wavelength apart, the field around one 
conductor almost completely neutralizes the 
field around the other when the currents in the 
conductors are opposite in phase or direction. 
Thus, close spacing reduces radiation and 
eddy-current losses. However, reducing con- 
ductor spacing below a certain value increases 
the RF resistance of the conductors and 
imposes a serious limitation on the maximum 
RF voltage the conductor can take without 
breakdown. The use of coaxial line instead of 
open-wire line almost completely eliminates 
both radiation and eddy-current losses because 
the outer conductor acts as a shield which 
prevents the magnetic fields from expanding 
into space. 


Dielectric losses in the tube envelope are 
objectionable not only because they reduce 
output and efficiency, but also because they 
may cause disintegration of the tube seals. 
Dielectric losses are reduced by eliminating 
the tube base, making connections directly 
to the leads, and bringing the conductors 
through the glass at points on the conductors 
where the RF voltage is minimum. 


Of course, tube losses are not the only losses 
which must be kept very low in UHF oscilla- 
tors. The losses in the associated circuits must 
also be kept as low as possible. In other words, 
these circuits, when not loaded, must have the 
highest possible Q. For this reason, the tuned 
circuits associated with UHF oscillators are 
usually resonant sections of transmission 
line rather than coil and capacitor combina- 
tions. 


The term transmission line is applied to 
the leads used to conduct or guide electrical 
energy from one point to another. The end of 
the transmission line at which power is applied 
is called the input end or generator end; the 
other end is called the output end or load end. 
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When a transmission line is short as compared 
to the length of the radio waves which it 
carries, most of the power applied to the 
input terminals is consumed at the load, and 
only a small amount of power is used in 
overcoming the resistance of the line. However, 
if the line is long as compared to the length of a 
wave and if the load is not of a certain correct 
value, the voltages necessary to drive given 
amounts of current or power over the line 
may be greatly different than can be accounted 
for by the impedance of the load in series with 
the resistance of the line. Obviously, the line 
has other properties besides resistance which 
create this effect of increased or decreased 
input impedance. These properties are in- 
ductance in series with the line, capacitance 
across the line, resistance leakage paths 
across the line, and certain radiation losses. 
In ordinary circuits using coils and capacitors, 
inductance and capacitance are present in 
definite “lumps.” In a_ transmission line, 
though, these quantities are distributed 
throughout the entire line and cannot be 
separated from each other. Since a transmis- 
sion line has these properties, you can see 
that it may assume many characteristics of a 
resonant circuit — just as if it were composed 
of lumped inductance and capacitance. As 
such, it can often be used advantageously as 
the tuned circuit of a UHF oscillator. 


The Q. of a quarter .wave short-circuited 
section of line can be made much higher than 
that of a conventional tank circuit. This is the 
result of the fact that a tuned line of con- 
ductors can be made of larger diameter than 
a conventional inductor, and therefore its 
skin effect is less. Another reason for using 
tuned transmission lines as circuit elements 
in UHF oscillators is that the tube leads may 
act as extensions of the transmission line. In 
this way, the interelectrode capacitances and 
lead inductances of the tube are incorporated 
as part of the tuned circuit. 


Limitations of Transit Time 


In low frequency operation, it is usually 
taken for granted that electrons leaving the 
cathode reach the plate instantaneously. 
Although nothing in nature happens instan- 
taneously, no harm is done by this assumption, 


so long as the actual time of travel of electrons 
between the cathode and the plate is negli- 
gible compared to the duration of one cycle. 
For example, a transit time of 1/1000 of a 
microsecond (10 °° second), which is not un- 
usual, is only 1/1000 cycle at a frequency of 1 
mc. If the frequency is 100 mc, however, the 
same transit time becomes 1/10 of a cycle. 


It has been found experimentally that if the 
total transit time is less than 1/10 of a cycle, 
the tube operates satisfactorily. If the transit 
time is longer than 1/10 cycle, though, the 
efficiency drops considerably. When the transit 
time approaches a quarter of a cycle at the 
oscillating frequency, the tube usually does 
not oscillate at all. This decrease in output is 
caused, in part, by the shift in phase between 
the plate current and the grid voltage and, 
in part, by the decrease of the effective re- 
sistance between grid and cathode which 
results from the relatively long transit time. 


For high efficiency in an oscillator, the tube 
current should be in phase with the grid volt- 
age and 180° out of phase with the plate 
voltage, as you know. When the electron tran- 
sit time becomes an appreciable fraction of a 
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cycle, though, this relation holds only at the 
instant that electrons are emitted from the 
cathode. You can see this in the illustration 
below. The solid curve at C shows the plate 
current that leaves the cathode. Notice that 
this current is in phase with the grid voltage 
in B and 180° out of phase with the plate 
voltage in A. However, it takes an appreciable 
part of a cycle for the electrons to travel from 
cathode to plate. Therefore, the current which 
is arriving at the plate at any instant must be 
different from the current leaving the cathode 
at the same instant. At the point of maximum 
cathode current, for example, the maximum 
number of electrons starts from the cathode 
toward the plate. These electrons take a 
little while to reach the plate, and the maxi- 
mum number of electrons does not arrive at 
the plate until a short time later. Since the 
electrons which actually strike the plate make 
up the plate current, the plate current is not 
maximum until this maximum number of 
electrons actually reaches it. Thus, the plate 
current lags the current emitted from the 
cathode. The cathode current, of course, is 
controlled by the grid voltage. Therefore, the 
plate current, shown by the dashed curve in 
C, lags the grid voltage by some small angle, 
and the phase difference between the plate 
current and the plate voltage is greater than 
180°. As a result of this shift, the power out- 
put decreases and the plate dissipation in- 
creases. 


Another transit time problem is its effect 
on the grid of the tube. Consider, first, the 
basic situation. When an electron, which is a 
negative charge, approaches an electrode, it 
induces a positive charge on the electrode. 
This results from the fact that, as the electron 
approaches, electrons of the electrode are 
repelled. When the electron recedes, the elec- 
trons of the electrode are permitted to return. 
Thus, the electrons that form the plate current 
in an electron tube, cause electrostatically 
induced currents in the grid as they move 
past it. In a low frequency oscillator — where 
the grid is negative and the transit time is 
negligible — the number of electrons approach- 
ing the grid is always the same as the number 
of electrons going away from the grid. The 
current induced on one side of the grid by the 


approaching electrons is equal to that induced 
on the other side by the receding electrons. 
Since these currents are in opposite directions, 


- their combined effect is zero. 


However, when the transit time of the 
oscillator is an appreciable part of a cycle, 
the number of electrons approaching the 
grid is not always equal to the number going 
away. As a result, the electrostatically in- 
duced currents do not cancel. Thus, grid 
current can flow in a UHF oscillator even when 
the grid is negative with respect to the cathode. 
This current consists of a movement of 
electrons back and forth in the grid structure. 
Its effect is to produce a loss in the grid itself. 
This loss limits the maximum oscillating fre- 
quency of the tube. It also raises the grid 
temperature, and this may become another 
limitation to maximum oscillating frequency. 


Transit time may be decreased by reducing 
the spacing between electrodes or by increas- 
ing the electrode voltages. Since, in many 
applications, insulation problems prevent 
raising the voltages greatly, tubes of special 
design are usually used in circuits where 
transit time effects may become serious. In 
many radar applications, though, it is quite 
feasible to use plate voltages two or three 
times greater than the manufacturer’s rating. 
Here, the unusual way in which the tubes are 
operated prevents the average plate dissipa- 
tion from exceeding a safe value. 


POSITIVE GRID OSCILLATORS 


In a positive grid oscillator the grid potential 
is positive with respect to the cathode, and 
the plate is at zero potential or slightly nega- 
tive. The high frequency oscillations are gener- 
ated by making use of the finite transit time 
of the electrons in the positive grid tube. The 
tuned circuit is usually placed between the 
grid and plate, but it may be connected be- 
tween any two electrodes. The frequency of 
oscillations usually depends on the values of 
the components of the resonant circuit. Under 
certain conditions, however, within a limited 
range, the frequency of oscillation is inde- 
pendent of the external circuit and depends 
only on the transit time. Oscillations of this 
second type were first observed by Bark- 
hausen and Kurz. Consequently, the circuit for 
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generating such oscillations is called the 
Barkhausen-Kurz oscillator. 


Theory of Positive Grid Oscillators 


To understand the action of a positive grid 
oscillator, first consider the motion of the 
electrons when the grid and plate potentials are 
constant. In the diagram, Electron Motion in 
Positive Grid Oscillator, an electron at L has 
just left the cathode K and is being drawn 
toward the highly positive grid G. By the 
time the electron reaches the grid, its velocity 
is high and it has gained energy by being 
accelerated. Either of two things may now 
happen. The electron may hit the grid and 
stop, delivering all its energy to the grid in 
the form of heat, or the electron may pass 
through the space between the grid wires 
into the region between grid and plate. The 
positive grid still attracts the electron, though, 
and the negative plate repels it. These two 
forces cause the electron to slow down. As it 
slows down, it delivers its energy to the electric 
field between plate and grid. By the time the 
electron reaches the zero potential plane at 
point M, it has lost all its energy and comes 
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Electron Motion in Positive Grid Oscillator 
(DC Voltage) 


Electron Motion in Positive Grid Oscillator (AC Voltage) 


to rest for an instant. The attraction of the 
grid then causes the electron to move toward 
the grid again. This continues back and forth 
until the electron finally strikes the grid, as 
shown. The electron thus acts like a ball 
attached to a rubber band, one end of which 
is firmly connected to the grid. If the ball is 
pulled over to the cathode and released, it is 
accelerated toward the grid, then travels past 
it, stretching the rubber band. When all the 
energy the ball has is transferred into stretch- 
ing the rubber band, the ball comes to rest 
for an instant. Then it swings back and forth 
past the grid until at some time it hits one 
of the grid wires. This is the action that occurs 
when the grid and plate potentials are con- 
stant. 
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If the electrode potentials are not constant, 
the motion of the electrons is considerably 
different. Assume that an AC voltage is super- 
imposed on the steady grid voltage and that 
this AC voltage has a period equal to the time 
it takes an electron to move from the cathode 
to the vicinity of the plate. If an electron 
leaves the cathode at the instant that the 
alternating component of the grid voltage is 
zero and changing from negative to positive, 
its motion is like that shown by A at the left. 
Notice that, as the electron moves from the 
cathode to the grid, the grid is more positive 
than it would be without the AC voltage. 
Thus, in this portion of the path, the accelera- 
tion at every instant is greater than it would 
be with a steady grid voltage. At the instant 


that the electron reaches the plane of the grid 
(at t,), the alternating component of the grid 
voltage reverses. While the electron is travel- 
ing from the grid toward the plate, then, the 
attracting force of the grid on the electron is 
reduced. Because the acceleration caused by 
the relatively large grid voltage in the interval 
t,—t, 1s greater than the deceleration caused by 
the reduced grid voltage in the interval t,—ty, 
the electron will probably strike the plate and 
be eliminated. However, if the electron comes 
to rest before it reaches the plate, it will either 
strike the grid or reenter the cathode during 
the next cycle. This is due to the fact that the 
acceleration in the interval t.—t; is greater than 
the deceleration in the interval t3—t,. 


Because the acceleration of this electron is 
always greater than that provided by the 
steady grid voltage, and the deceleration is 
always less, the electron absorbs energy from 
the source of alternating grid voltage on both 
halves of the cycle. This electron therefore 
tends to damp out oscillation. However, the 
energy that the electron absorbs helps to 
eliminate it quickly from the inter-electrode 
space. The energy absorbed by this electron 
causes the grid current to increase, as shown 
im C. 


Now consider the corresponding graph on 
the right. Here, the electron is one which is 
emitted a half cycle later. In this case, the 
grid voltage is swinging negative through zero 
as the electron starts. Thus, the accelerating 
voltage is the difference between the steady 
grid voltage and the alternating grid voltage, 
and the electron is not accelerated to as high 
a speed as in the first case. In addition, the 
decelerating voltage acting on the electron 
while it is traveling from the grid toward the 
plate is greater than in the first case, for now 
it is the sum of the alternating grid voltage 
and the steady grid voltage. As a result, the 
electron does not approach the plate as closely 
as before. Since the grid voltage is low in the 
interval t.— ts, the acceleration during this time 
is less than the deceleration caused by the 
large voltage in the interval t;—t,. Therefore, 
the electron comes to rest before it reaches the 
cathode. The fact that here the electron stops 
before it strikes the cathode, while if the grid 
voltage were constant, it would have reached 
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the cathode, indicates that the electron has lost 
energy to the source of alternating grid vol- 
tage. 


The moving electron induces on the grid a 
positive charge which moves toward the grid 
as the electron approaches, and away from the 
grid as the electron recedes. Electrons oscil- 
lating about the grid, therefore, produce an 
alternating current in the grid. Since the 
electron motion is in the same direction in 
both cases considered, the grid current C in 
the first graph is of the same polarity as that 
in the second. In the first graph, though, the 
grid current is in phase with the grid voltage, 
showing that the electrons absorb energy from 
the grid. In the second graph, the grid current 
is 180° out of phase with the grid voltage, 
showing that the electrons deliver energy to 
the grid. Since the number of electrons which 
absorb energy from the grid is about the same 
as the number that deliver energy, it might 
seem that the net result is zero. This is not 
true. The electrons that absorb energy are 
quickly eliminated from the interelectrode 
space, but those which deliver energy make 
several trips past the grid. As a result, the 
amount of energy delivered to the grid is 
greater than that which is absorbed. Further- 
more, the voltage drop caused by the induced 
current reinforces the existing voltage in the 
circuit. Thus, the net energy delivered to the 
grid tends to maintain oscillations in the 
resonant circuit connected to the tube. 


After the electron comes to rest at time ty, 
(on the graph at the left), it may make 
another trip toward the plate. On this trip, 
however, the electron starts from a point which 
is positive with respect to the cathode, so that 
the accelerating voltage is less than on the 
first trip. As a result, the distance that the 
electron can move is reduced. Ultimately, the 
electron will strike the grid and be removed 
from the interelectrode space. The decreasing 
amplitude of the swing of the electron is due 
to the fact that, on all trips, this electron con- 
tributes some energy to the grid. 


Barkhausen-Kurz Oscillator 
The action just explained is put to practical 


use in generating UHF oscillations in the 
circuit Barkhausen-Kurz Oscillator. The res- 
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onant circuit here is a section of transmission 
line which is physically cut to a quarter wave- 
length. (This length can be adjusted by mov- 
ing capacitor C.) The capacitor is used as the 
shorting bar so that the grid can be held at a 
high positive potential while the plate is at 
a slightly negative potential. The frequency 
of oscillation is controlled by tke applied 
voltage, the spacing of the tube elements, and 
the length of the resonant line. The RF 
chokes L1 and L2 are used to prevent loss of 
RF energy from the tuned line. 


The Barkhausen-Kurz oscillator can be used 
to generate oscillations in the frequency 
range of 30 to over 2,000 mc. Because many 
electrons contribute nothing to sustaining the 
oscillations, and other electrons even tend to 
damp them out, this type of oscillator is very 
inefficient. As the frequency rises, its efficiency 
decreases. Its typical efficiency is 2% or less. 
Since the power output of this type of oscil- 
lator is very low, other tubes, such as the 
klystron and magnetron, are more frequently 
used as ultra high frequency generators. Still, 
knowing how it operates will help you under- 
stand other more practical tubes in which the 
frequency of oscillation also depends on eiec- 
tron transit time. 


VELOCITY-MODULATED TUBES 


A velocity-modulated tube is one in which 
the operation depends on the change in the 
speed of electrons passing through it. By 
means of this change of electron speed, the 
tube produces bunches of electrons separated 
by spaces in which there are few electrons. 


Theory of Operation 


The first requirement of a velocity-modu- 
lated tube is to produce a stream of electrons, 
all traveling at the same speed. This is done 
by an electron gun, as shown. The electrons 
are emitted from the heated cathode and are 
attracted toward the accelerator grid which is 
at a positive potential with respect to the 
cathode. Most of the electrons miss the grid 
wires and pass through the grid to form a beam 
of electrons, all traveling at the same speed. 


The beam of electrons then passes through 
a pair of closely spaced grids, called buncher 
grids. Each of these grids is connected to one 
side of a tuned circuit, as shown. The tuned 
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Electron Bunching 


circuit and the grids are at the same DC 
potential as the accelerator grid, but the 
alternating voltage across the tank circuit 
causes the velocity of the electrons leaving the 
buncher grids to differ, depending on the time 
at which they pass through the grids. 


To understand how the bunchers produce 
groups of electrons, consider the motion of 
individual electrons, as plotted against time 
on the graph, Electron Bunching. An electron 
that passes the center of the buncher at the 
instant that the alternating voltage is passing 
through zero leaves the buncher at the same 
velocity at which it entered. The positions 
such electrons will occupy are plotted as lines 
starting at A, E, and A’ on the graph. The 
slope of these lines represents the velocity of 
the electrons and they are all parallel. Elec- 
trons which pass the center of the buncher a 
few electrical degrees earlier than the point of 
zero voltage, as at C and D, leave with re- 
duced velocity, for the decreased voltage of 
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the buncher slows them up. Electrons that 
pass a few electrical degrees after the instant 
of zero voltage, as at F and G, leave with in- 
creased velocity, for the voltage of the buncher 
is now higher than that of the accelerator 
grid. The faster electrons, F and G, will catch 
up with electron E that left before with un- 
changed velocity. E, F, and G will all catch 
up with the slower electrons C and D. At 
some point beyond the buncher grids, then, 
electrons C, D, E, F, and G will be close 
together in a group. 


Another electron, as at A’, that leaves the 
buncher a half cycle later than E has its 
neighbors draw away. Consequently, the 
electron stream down the tube consists of 
bunches of electrons separated by regions in 
which there are few electrons. 


These bunches then pass through a similar 
second set of grids called catcher grids, coupled 
to another tuned circuit. If the relative po- 
tentials of the catcher grids are as shown 


Action of Catcher Grid 


when each bunch of electrons reaches the first 
grid of the set, the field slows down the 
electrons and the tuned circuit absorbs 
energy from them. Since it takes the group of 
electrons about a half cycle to go from one 
grid to the other, the relative grid potentials 
are reversed by the time the bunch of electrons 
reaches the second grid of the set. Therefore, 
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the second catcher grid also slows down the 
electrons, absorbing more energy from them. 
Thus, in delivering energy to the tuned circuit 
connected to the catcher grids, the speed of the 
electrons is greatly reduced. After passing this 
second set of grids, the spent electrons are 
removed from the circuit by a positive col- 
lector plate. 
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Klystron 


An electron tube containing the electron 
gun, grids, and plate just described is called 
a klystron. It is arranged as shown at the left. 
Energy may be coupled into or out of each 
tuned circuit by using small coils inductively 
coupled to the tuned coil or by using coupling 
capacitors. If the output from the catcher is 
fed back to the buncher, and if the proper 
phase and energy relations are maintained 
between buncher and catcher, the tube oper- 
ates as an oscillator. The successful operation 
of such a device requires that the energy 
needed for bunching be less than that delivered 
to the catcher. This amplifying action is 
possible, because the electrons pass through 
the buncher in a continuous stream and 
through the catcher in definite bunches. 


Since a continuous stream of electrons enters 
the bunching grids, the number of electrons 
accelerated by the alternating field between 
the buncher grids on one half cycle of oscil- 
lation is exactly equal to the number of elec- 
trons decelerated on the other half cycle. 
Therefore, the net energy exchanged between 
the electron stream and the buncher over a 
complete cycle is zero, except for the losses 
that occur in the tuned circuit of the buncher. 


At the catcher, a different situation exists. 
The electrons are traveling in bunches with 
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the proper spacing so that they enter the 
catcher field only when the oscillating circuit 
is in its decelerating half cycle. By this action, 
more energy is delivered to the catcher than is 
taken from it. Thus the tube amplifies. 


The klystron may be used as an amplifier, 
oscillator, or mixer. For work at ultra high 
frequencies, the tuned circuits of the buncher 
and catcher usually are cavity resonators with 
the grids attached to each side of the cavity, 
as shown. These resonant cavities are very 
efficient, and are so small at extremely high 
frequencies that the entire cavity may be 
sealed inside the envelope of the tube. In this 
case, the cavity is tuned by varying the 
spacing of the cavity grids. Thus a slight 
flexing of the tube varies the effective capaci- 
tance of the tuned cavity circuit. In another 
type of construction, the grid connections are 
brought out through the envelope of the tube 
and the cavity is an external one, clamped 
around the tube. In this system, the cavity 
is tuned by changing its effective inductance. 
One way of doing this is screwing plugs into 
the periphery of the cavity. Energy may be 
coupled into or out of the cavity resonators by 
means of one-turn coupling loops, placed as 
shown. These loops provide coupling with the 
concentric magnetic flux within the cavity. 
Energy is carried to or from these loops on 
coaxial lines. 
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Resonant Circuits at Various Frequencies 


Though the idea of a cavity constituting a 
resonant circuit may seem a radical departure 
_ from what you have learned, actually it is not. 
The type of resonant circuit you are accus- 
tomed to in ordinary radio work usually con- 
sists of a coil of wire with a capacitor shunted 
across its terminals. As you know, the resonant 
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quency, therefore, either the inductance or the 
capacitance or both must be reduced. You can 
see, then, that as you want higher and higher 
frequencies, a frequency is reached at which 
the inductor L is a single turn of wire and the 
capacitor C consists of the distributed capaci- 
tance between the opposite sides of the turn. 
At still higher frequencies, the tuned circuit 
can become two parallel lines since there is 
inductance in each wire and capacitance be- 
tween the two parallel wires. Thus, the 
quarter-wave line is a tank circuit, for it has 
the equivalent of a very small L and C; in 
other words, it is an LC circuit which is 
resonant at a high frequency. 


Now notice the quarter-wave lines con- 
nected in parallel. This is not a means of in- 
creasing the resonant frequency, for the con- 
nection of lines in parallel increases the capaci- 
tance in the same proportion that it decreases 
the inductance. Thus, it leaves the resonant 
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frequency unchanged. Paralleling the quarter- 
wave lines does have an important benefit, 
though. It decreases the resistance R of the 
circuit and thereby increases the Q of the 
resonant circuit. 


Since the resonant frequency is not affected 
by the number of quarter-wave lines connected 
together at their open ends, you can keep on 
adding resonant quarter-wave lines. The ulti- 
mate is a cylinder with closed ends like a flat 
can. This type resonant circuit is called a 
cavity resonator. It functions in the same way 
as any coil and capacitor resonant circuit, but 
its Q is high and it is very selective. That is, 
it is resonant only over an extremely narrow 
frequency range. Because a resonant cavity at 
broadcast frequencies would be very large, its 
use is practical only in the microwave range. 
At 1 mc, for example, the cavity would have 
to be about 100 feet long or wide, but at 1,000 
mc, it is about 0.1 foot or 1.2 inches in diam- 
eter. 


Energy can be put into and removed from 
cavity resonators in three main ways. The 
first is by means of a small loop of wire so 
placed that it cuts or couples the H lines of 
the magnetic field, as in a simple transformer. 
The second is through an antenna or probe 
which can be placed parallel to the E lines of 
the electric field. In this case, the probe has 
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an electric field of its own which adds to or 
detracts from the electric field of the cavity 
and thus permits energy to be delivered or 
removed. The third method is to link or con- 
tact the fields inside of the cavity by external 
fields through the use of slots or holes in the 
walls. 

In the diagram, Magnetic Coupling to 
Cavity, notice that the loop may be anywhere 
in the cavity, as in A, B, and C, as long as it 
can link the magnetic field. Therefore, it is 
usually placed where the H lines are at a maxi- 
mum. If less coupling is desired, the loop can be 
rotated so that fewer lines go through it. Ro- 
tating the loop 90° from the position shown 
places it parallel to the H lines so that no lines 
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pass through it and practically no coupling is 
available. Coupling can also be reduced by 
shielding the loop or moving it to a position 
in the cavity where there are fewer lines. Simi- 
lar coupling is used with waveguides, which 
are in effect a special type transmission medi- 
um serving to replace transmission lines. In 
physical appearance, they look like long, hol- 
low, rectangular pipes. Some of the coupling 
methods are therefore shown with respect to 
waveguides rather than resonant cavities. 


The illustration of electric coupling shows 
maximum coupling by means of E lines. Less 
coupling can be obtained if the probe is moved 
away from the position of maximum E lines 
or if less of its length is exposed to the fields 
in the cavity. 


CROSS SECTION OF WAVEGUIDE WITH 
LENGTHWISE SLIT ON ONE SIDE 


E LINES DUE TO CURRENT IN WIRE AB 


Coupling Through Slots 


68 


The illustration of coupling through slots 
shows the method sometimes used when only 
a small amount of coupling is desired. Varia- 
tions of this method include directing a beam 
of radio waves (an electromagnetic field) to- 
ward a hole in the wall of the cavity or shoot- 
ing a stream of electrons through a hole in one 
wall and out a hole on the opposite wall. The 
klystron (UHF tube) operates on the latter 
principle in delivering energy to its cavity. 
The movement of electrons creates moving 
fields which set up or link the fields of the 
cavity. 


Reflex Klystron 


A klystron tube, especially one using cavity 
resonators, is very critical to adjust, for the 
tuning and spacing of the cavities are inter- 
dependent. Therefore, when a velocity-modu- 
lated tube is to be used as an oscillator only, 
a simplified form called the reflex klystron is 
used. This tube is so named because the same 
set of grids is used for both bunching and 
catching, and a negative repeller plate forces 
the electrons to retrace their paths after their 
first passage through the grids. 


By proper adjustment of the negative vol- 
tage on the repeller plate, the electrons which 
have passed the bunching field may be made 
to pass through the resonator again at the 
proper time to deliver energy to this circuit. 
Thus the feedback needed to produce oscilla- 
tions is obtained and the tube construction is 
simplified. Spent electrons are removed from 
the tube by the positive accelerator grid or by 
the grids of the resonator. Energy is coupled 
out of the cavity by a 1-turn coupling loop. 
The operating frequency can be varied over a 
small range by changing the negative potential 
of the repeller. This potential determines the 
transit time of the electrons between their 
first and second passages through the resona- 
tor. However, changes in the repeller voltage 
_ affect the output of the oscillator considerably 
more than the frequency. This is because the 
output depends on the return of the electrons 
through the resonator just at the time when 
they are bunched and at exactly the decelera- 
ting half cycle of the oscillating resonator grid 
voltage. The repeller voltage may therefore be 
varied only over a narrow range to provide 
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minor adjustments of frequency. Bigger 
changes are made by varying the volumes of 
the resonant cavity. 


Three typical tubes of the reflex klystron 
type are the McNally. tube, using an external 
cavity with screw plugs for tuning; the Pierce 
(or Shepard) tube, using a cavity sealed in 
the tube and tuned by flexing the tube en- 
velop to vary the grid spacing; and the kly- 
stron 417, a large tube with a built-on cavity 
tuned by flexing the sides of the cavity. These 
reflex klystrons are by far the most widely 
used types of local or beating oscillators in 
UHF receivers. The Western Electric Com- 
pany has developed a series of these tubes 
designated by 2K, as 2K-25, 2K-29, etc. 


MAGNETRONS 


The magnetron is an electron tube designed 
to give a very high peak power output at 
frequencies from 300 to 30,000 mc. It is 
especially adaptable to systems that utilize 
pulse techniques such as radar and pulse com- 
munications systems. 


The most common type of magnetron used 
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at the present time is the cavity resonator or 
cavity magnetron. This tube is a diode, with 
an indirectly heated cathode. The plate is a 
cylindrical block of copper with a cylindrical 
portion machined out of the center, as shown. 
The cathode is mounted in the center of this 
hollowed out portion, so that the axis of the 
cathode is parallel with the axis of the metal 
block. Additional cylindrical sections are ma- 
chined out of the plate, parallel to the axis of 
the block and close enough to the inner peri- 
phery of the cathode area so that these smaller 
chambers or cavities open into the central 
cathode area. A magnetic coupling loop or 
pickup probe is inserted into one of the smaller 
cavities for the purpose of extracting the RF 
energy from the magnetron. The ends of the 
copper block are sealed and the interior of the 
magnetron is evacuated. Leads to the filament, 
cathode, and the pickup probe are introduced 
through airtight glass-to-copper seals. 

In operation, a strong permanent magnet is 
mounted around the magnetron so that the 
magnetic field is parallel with the cathode. 
The heater is supplied with current from a low 
voltage source so that it can heat the cathode 
to electron emission. Large negative voltage 
pulses are applied to the cathode from a timing 
circuit. Since the copper block is at the ground 
potential, the plate is positive with respect to 
the cathode. 

As soon as the voltage is applied across the 
cathode-plate area, electrons are accelerated 
toward the circular plate in all directions. 
Since a moving electron is actually an electric 
current, magnetic fields are set up around each 


70 


electron. These individual magnetic fields 
react with the permanent magnetic field and 
cause the electrons to curve at right angles to 
their original direction of travel in such a way 
that they pass across the openings in the 
cavities, perpendicular to the openings. In 
passing these openings, the moving electrons 
repel the electrons in the copper — first on 
one side of the opening and then on the other 
side. Thus, they induce a voltage that is first 
negative on one side and then on the other. 
This action sets up oscillations in the cavities. 
The frequency of these oscillations is deter- 
mined by the diameter of the cavities. 


The pickup probe is mounted in the one 
cavity, in such a position that it is cut by 
the alternating magnetic fields in the cavity. 
The energy it picks up is then transferred 
through a coaxial cable or a waveguide to the 
antenna, from which it is radiated through 
space. 

Normally, the duration of the negative 
pulse applied to the cathode of the magnetron 
is only a few microseconds, and the interval 
between pulses is several thousand micro- 
seconds. Therefore, even though a large 
amount of the energy applied to the magnetron 
is dissipated as heat, the magnetron has 
sufficient time to cool between pulses so that 
it does not get too hot. 


The voltage applied to the magnetron is 
usually about 15,000 volts. The instantaneous 
power output may be as high as a million 
watts, while the average power is only several 
hundred watts. 


An oscillator by itself can be a transmitter. 
In the early days of radio, it was a transmitter. 
It was connected directly to the antenna 
circuit and was used for radio transmission. 
To increase the output, larger tubes were 
used and voltages were increased. 


For present day demands, though, an 
oscillator alone is not satisfactory as a trans- 
mitter. Too many factors limit its practicality. 


One of the major limitations of a variable 
frequency oscillator transmitter is its lack of 
frequency stability. The frequency of an 
electron tube oscillator is, of course, controlled 
by the inductance and capacitance of its 
oscillatory circuit. Therefore, coupling a load 
— such as an antenna — to its oscillatory 
circuit, has a great effect on its stability. The 
effective impedance of an antenna system is 
often changed by variations in the weather. 
The wind may shift the relation of the antenna 
to ground; rain, sleet, snow, or ice may fall 
on the antenna; all these and other conditions 
may change the impedance of the antenna 
and cause a varying load to be reflected into 
the oscillatory circuit. The result will be a 
change in the frequency of the oscillator. 


In VHF and UHF circuits another kind of 
problem arises. Though the frequency stability 
required by such circuits can be attained by 
a crystal oscillator, the frequency range of a 
crystal is limited. In VHF and UHF, therefore, 
the crystal oscillator cannot stand alone. To 
provide the needed frequency, the crystal 
oscillator must be followed by frequency 
multipliers as intermediate stages in many 
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transmitters. The usual VHF or UHF trans- 
mitter therefore contains an oscillator, one or 
more frequency multiplying stages, and a 
stage of RF amplification. Additional circuits 
are provided for keying or modulating the 
transmitter. 


A second limitation of an oscillator trans- 
mitter is power output. To provide sufficient 
power for modern radio transmission, the 
oscillator must be followed by buffer and 
power amplifier stages. Having these extra 
stages, present day transmitters can use small 
tubes as oscillators even in high power trans- 
mitters. The oscillator tubes are often of the 
same type as these used in ordinary receiver 
output stages. 


Operating efficiency is still another problem 
with an oscillator transmitter. Coupling a load 
to the inductance of an oscillator circuit 
causes a decrease in the impedance of the 
circuit. This varying impedance in the tank 
circuit affects the voltage feedback ratio as 
well as the frequency of oscillation. Changes 
in load value or coupling consequently reduce 
the efficiency of the oscillator transmitter. 


Due to these disadvantages of the oscillator 
transmitter, it has become obsolete. This 
chapter is devoted to the basic circuits of a 
more practical transmitter. RF amplifiers are 
discussed first, followed by a discussion of a 
master oscillator power amplifier type trans- 
mitter. Discussions of buffers, frequency 
multipliers, transmitter keying methods, and 
transmitter power supplies are also included 
in this chapter. 


RF AMPLIFIERS 


One job of an RF amplifier is to isolate the 
oscillator from the antenna. This overcomes 
the instability due to load changes caused by 
the reflected impedance of the antenna. 
Another job of the RF amplifier is to increase 
the transmitter’s power output. This is par- 
ticularly important when a crystal oscillator 
is used. The output of the crystal oscillator 
has to be kept low to avoid the danger of 
crystal fracture and to insure frequency 
stability. The RF amplifier is needed, there- 
fore, to bring the power output of the trans- 
mitter up to the desired power level. This 
amplifier may feed the amplified RF oscilla- 
tions right into the antenna system, or it may 
feed them into another amplifier, which feeds 
into the antenna system. Thus, with an oscil- 
lator output of 5 to 10 watts, the final power 
that the transmitter delivers to the radiating 
antenna may be from 25 to 50,000 watts. In 
RF amplifiers, two types of operation, class C 
and class B, are the most widely used. 


Class of Operation 


RF amplifiers used in transmitters are 
usually power amplifiers and are generally 
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operated class C. This means that the tube 
is biased beyond cutoff, and plate current 
flows for less than half of each cycle. 


Practice has shown that the highest effici- 
ency results when plate current flows from 
33 to 47 percent of the cycle. The term 
operating angle is used to express this re- 
lationship. By definition, the operating angle 
is that part of the grid cycle during which 
plate current is flowing. For example, if plate 
current were to flow for 33 percent of the cycle, 
the operating angle would be 33 percent of 
360°, or 120°. Grid excitation is present for 
360° but plate current flows for only 120° of the 
input cycle. Stated in terms of operating 
angle, class C operation is usually between 
120° and 150°. 


The chart, Class C Operation, shows the 
relationship between grid excitation and plate 
current. Notice that cutoff occurs at —20 volts 
and the operating bias is —46 volts; roughly 
twice cutoff. Notice, also, that pulses of 
plate current flow for 120° — less than 1/2 
cycle. They occur only during a portion of the 
swing of the input voltage. Notice, too, that 
the input voltage is large enough to drive the 
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grid so positive that the tube reaches satura- 
tion. The output, as shown, is extremely dis- 
torted, compared to the input. Still, the final 
output of the RF amplifier stage is undis- 
torted. You remember that RF oscillations 
can be maintained in a resonant circuit by 
providing a pulse of energy of the proper 
magnitude and at the proper time. This is 
what keeps the output undistorted. The RF 
amplifier operates into a sharply tuned tank 
circuit which eliminates the irregularities of 
the output waveform. The action of the tuned 
tank circuit, in this respect, is called the 
flywheel effect. The term ‘‘flywheel’’ is used 
because the action of the tuned circuit is 
like the flywheel action of the mechanical 
engine. The periodic pulses are sufficient to 
keep the tank oscillating at its resonant 
frequency. 

Here is how it happens. Notice the capacitor 
C1 in the plate tank of the RF amplifier 
shown in the schematic on page 74. This 
capacitor is charged by the output voltage 
produced by the flow of plate current through 
the tank on the positive half cycles. Although 
no current flows through the tube on the nega- 

tive half cycles of the applied signal voltage, 
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the capacitor discharges through the inductor 
during this period. Thus, it supplies the other 
half cycle of the output voltage. This so 
called flywheel effect occurs at a maximum 
amplitude when the resonant frequency of 
the tank (parallel tuned) circuit is equal to 
the frequency of the applied signal voltage. 


The voltage and current relationships in 
the RF amplifier are shown in the diagram, 
Instantaneous Current and Voltage. Here, 
K, is the excitation voltage applied to the 
grid. This voltage applied to the grid is the 
sum of the bias voltage and the RF excitation 
component. Notice that the grid bias is such 
that the grid goes positive and draws current 
(1,). The voltage appearing on the plate 
(E,,) is the power supply voltage plus or minus 
the RF voltage drop across the load. The 
phase relationship is such that the RF plate 
voltage component is minimum when the grid 
excitation is maximum. The RF component 
of the grid and plate potentials has a sine 
wave variation because of the flywheel effect 
of the tuned circuits. Plate current (I,) is a 
pulse occurring during the operating angle of 
120°. The pulse of grid current (I,) occurs 
while the grid is positive and is able to attract 
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a portion of the electrons emitted by the 
cathode. 


Operation of Class C RF Amplifiers 


In the schematic diagram of the oscillator 
and RF amplifier, notice that the output of 
the oscillator furnishes a signal for the class 
C amplifier. Notice the tube filaments, too. 
In transmitter circuits, it is common practice 
to use tubes with directly heated cathodes. 
In schematic diagrams, the power source 
that heats the filaments is usually omitted. 
It is taken for granted that the reader will 
know its placement and function. Therefore, 
the filament voltage supply is shown only in 
this first schematic diagram. Later diagrams 
will usually omit the filament circuit. The 
two B+ supply sources are also shown here 
in order to clarify this first circuit. In the 
following pages, though, the B+ supply volt- 
age source will frequently be omitted. Only the 
points of connection will be shown and they 
will be designated as B+; B— will be connected 
to the chassis or ground unless otherwise noted. 
This power source, if not shown, will be re- 
ferred to as the B+ supply or power supply. 
It is well to mention, too, that batteries are 
shown here for the sake of simplicity. In actual 
practice, a rectifier power supply is used, and 
the filament voltages are supplied by a step- 
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down transformer. These circuits will be 
studied in a section devoted to transmitter 
power supplies. 


Notice the bias voltage supply. It is shown 
here to indicate a fixed bias source. Often 
when reference is made to the bias source, the 
complete circuit will not be shown. Instead, 
the line from the grid will terminate at a 
point marked C— or bias supply. 


Notice in the schematic diagram that the 
oscillator is a tuned plate tuned grid oscillator. 
The alternating current flowing in its plate 
tank (LC) produces a voltage drop across the 
tank. This voltage produces the RF excitation 
voltage which is applied between the grid 
and cathode of the RF amplifier tube. 


To see how this occurs, look at the schematic 
diagram. C4 is a coupling capacitor which 
couples the RF output voltage of the oscil- 
lator to the grid of the amplifier. It also blocks 
the DC plate voltage of the oscillator from 
the grid of the amplifier. C2 is a bypass capaci- 
tor to bypass the RF current around the 
power supply. C5 is also a bypass capacitor. 
It bypasses the RF current around the grid 
bias battery. All these capacitors (C2, C4, 
C5) offer low impedance paths to RF and are 
practically direct connections for the RF 
current. So far as the RF signal is concerned, 


therefore, the top of the tank is connected 
directly to the grid of the amplifier and the 
bottom of the tank to the cathode. Thus the 
RF signal voltage across the tank is applied 
to the RF amplifier tube. 


The C battery, connected to the amplifier 
grid, biases the amplifier tube class C. The 
RF (RFC) choke offers a low impedance to 
DC and lets the bias voltage be freely applied. 
However, it offers a high impedance to RF 
current and thus prevents the loss of the RF 
excitation voltage. Capacitor C5 bypasses 
the RF current around the bias supply. Thus, 
it keeps the bias voltage constant. 


Plate Load 


The tuned circuit connected between the 
cathode and plate provides the plate load 
impedance of the RF amplifier. This tank 
circuit must supply the correct impedance. 
At the same time, it must not consume an 
undue amount of the power from the amplifier, 
since the primary objective is to transfer the 
power output of the RF amplifier to the load 
which is coupled to the tank circuit. 


The greater the amount of energy trans- 
ferred to the succeeding stage, the higher the 
efficiency of the tank circuit. The ideal condi- 
tion would be to have the tank circuit deliver 
to the coupled load all the energy it receives 
from the tube. This is impossible, of course, 
for the tank circuit does consume some energy. 
The amount it consumes depends on its Q. 
If the circuit were unloaded, it would be 
desirable to have the Q of the unloaded circuit 
very high. The higher the Q, the less the 
amount of energy consumed in the circuit 
by the resistance of the tank. With the circuit 
loaded, though, and with energy being trans- 
ferred to the load, the Q of the loaded circuit 
should be as low as possible, to provide the 
highest possible effective Q. Under these con- 
ditions, very little energy is consumed in the 
tank circuit itself, and practically all of the 
power is consumed by the load. However, 
there is a minimum value of Q below which it 
is not practical to reduce the effective Q of the 
circuit. 

If the value of Q is much lower than 10, 
considerable distortion appears in the RF 
waveform, because the harmonic components 
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of the plate current pulses produce harmonic 
voltage drops across the tuned tank. Harmonic 
output from the amplifier is undesirable as it 
represents wasted power. In addition, it may 
lead to radiation of energy at harmonic 
frequencies which may interfere with other 
radio services. A high Q circuit discriminates 
against these harmonic components but causes 
a loss in the efficiency of the tank circuit. 


LOAD IMPEDANCE. It is difficult to realize 
that the resonant plate tank can offer a load 
impedance equal to several thousand ohms. 
However, this is generally the case. The plate 
tank is a parallel circuit and its load imped- 
ance, for all practical purposes, is determined 
by the equation, 


Z,= CR 
where, Z;, is the effective resistive load im- 
pedance, L is the inductance of the coil in 
microhenries, C is the capacitance of the capac- 
itor in microfarads, and R is the effective re- 
sistance of the coil and the reflected resistance 
in ohms. Applying this formula to a class C 
amplifier, it is easy to understand that the 
impedance into which the tube operates can 
be made large if R is kept relatively small. 
For example, assume the transmitter operates 
at 1500 kc and uses a coil with an inductance 
of 60 microhenries and an effective resistance 
of 5 ohms. Solving for C, 
f 1 
2r V Ll 
C- I 
(2rf)2L 


1 
~ (6.28 x 15 x 10°)? (60 x 10 -°) 
=0.00018 microfarad 


L 
Then substituting in Z;,= CR 


7 60 

‘0.00018 x 5 

= 66,666 ohms 

Hence, the load impedance at resonance is 
66,666 ohms compared to 565.2 ohms, the 
impedance offered by either the Xc or the X,, 


branch. The figure 565.2 ohms is determined 
by the equation, X;=27FL. Note that the 


Z 


reactive load of the circuit is very low for 
frequencies at which it is not resonant. Under 
these conditions, the tube would deliver very 
little power to an antenna coupled to the 
power amplifier. 


The resonant tank, if properly designed and 
tuned, presents a resistive load to the plate 
of the tube. The ideal plate load is considered 
to be that resistance which will permit the 
maximum allowable plate current to flow. The 
actual load varies from this optimum con- 
dition. To understand why, you must first 
consider the effect of reflected resistance, the 
problem of efficiency, and the limits of the 
grid excitation voltage. 


REFLECTED RESISTANCE. The resistive load 
is usually around a few thousand ohms. It 
can be adjusted by varying the coupling 
between the amplifier plate tank and the load. 
Such changes affect the resistive load because 
resistance from the coupled circuit is reflected 
back into the tank and becomes a part of the 
plate load resistance of the amplifier 


This concept of reflected resistance can best 


be explained in terms of the reflected im- 
pedance in a simple transformer. It is due to 
the voltage induced in a primary by the 
secondary. 


When one stage is coupled to another 
through a transformer, a voltage is induced 
back into the primary. The amplitude and 
phase of this voltage is the equivalent of the 
voltage drop which would be developed across 
a resistor of the proper value put in the plate 
load in series with the primary. Hence, con- 
sidering reflected impedance in a circuit is 
taking into account the voltage induced in 
the primary by the secondary through trans- 
former action. 


Consider the case illustrated in the diagram, 
Reflected Impedance. Here, R1 is the total 
primary resistance, including that of coil Ll. 
R2 is the total secondary resistance, not only 
of the load but also of coil L2. The AC gen- 
erator (oscillator stage represented by the 
tube) sends current back and forth through 
coil L1. The magnetic field of coil L1 then 


rises and falls accordingly and cuts coil L2. 


Reflected Impedance 
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An alternating voltage is then induced into 
coil L2 which drives an alternating current 
through the secondary circuit L2-R2. This 
current, in turn, produces a magnetic field 
around coil L2. In cutting Ll, this magnetic 
field generates a voltage between the primary 
terminals and causes a current to flow in the 
primary circuit. This voltage and current are 
so phased that they oppose the original current 
and voltages, in effect, resisting them. 


This reflected current then reacts on the 
secondary, again in opposition, and the process 
continues back and forth. The final result is 
that the current flowing in the primary is 
altered as though the primary resistance had 
been increased. Thus, the total reactance of 
the primary circuit — in other words, its 
impedance — is altered. The closer the pri- 
mary and secondary coils are together and the 
more they are oriented with respect to each 
other to increase the lines of force cutting the 
other, the greater the amount of the reflected 
‘resistance, or reactance. Consequently, vary- 
ing the coupling changes the reflected im- 
pedance. 


The exact determination of this reflected 
impedance is given by the equation, 
(20fM)* 

S 

where MM is the mutual inductance between the 
two coils and Zs is the impedance of the 
secondary tuned circuit. This equation explains 
why reflected impedance varies as the coupling 
between the plate tank and its load is changed. 
In a specific circuit, the figure for 27f and the 
impedance of the secondary (Zs) are fixed. 
The only variable is M. Inasmuch as M= 
k VL1xL2, the value of M will vary directly 
with the coupling and so will the reflected 
impedance. 


Z 
reflected = 


EFFICIENCY. Efficiency is another subject 
which is important in your understanding of 
plate load. Efficiency is the ratio of output 
to input — that is, the ratio of the RF power 
developed in the plate circuit to the total 
power delivered to the plate. The power input 
to an amplifier is the product of the plate 
supply voltage and the DC plate current. This 
is true for both triodes and screen grid 
amplifiers. For example, assume a plate volt- 
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Dummy Antenna 


age of 1,000 volts and a DC plate current of 
125 ma. The power input equals 1000 x 0.125 
or 125 watts. Part of this power input to the 
amplifier is dissipated at the plate of the tube, 
and part is changed to RF power. The RF 
power present in the tuned circuit is the useful 
output of the tube. The power dissipated by 
the plate represents the loss. 


The power output for any particular tube 
in an RF amplifier stage is listed in a tube 
manual. This is the RF power which the tube 
can be expected to deliver to the tank circuit. 
The actual power output from the tank to a 
secondary load, under specific circuit con- 
ditions at some fundamental frequency, will 
be somewhat ‘lower. In the -case of an RF 
amplifier feeding an antenna, the actual out- 
put power from the tank is checked by coupling 
a known load impedance to the amplifier. A 
load impedance used in this manner is called a 
dummy antenna. The dummy load shown in 
the schematic diagram is an example. Here, 
A represents a thermocouple ammeter in series 
with a noninductive resistance R connected 
across a coupling coil of a few turns. The 
loading is adjusted by varying the coupling 
between the coils until the amplifier tube is 
drawing rated plate current when tuned to 
resonance. By using the current reading of 
the thermocouple meter and the known re- 
sistance of R, the power delivered to the load 
by the tank can be computed from Ohm’s law. 


Power (watts) =I°?R 


This example merely represents one type of 
dummy loading circuit. There are others. 


Another method for making the power deter- 
mination is to use the antenna circuit which 
the transmitter is supplying. This is done by 
measuring the antenna current and determin- 
ing the antenna impedance. The power output 
is then computed as just explained. 


For any tube, there is a definite limit to the 
amount of power it can dissipate in heat with- 
out damage to the tube. This defined limit is 
called the plate dissipation. The tube manual 
gives this limit for each type tube. The amount 
of power dissipated by the tube is the difference 
between the DC power input and the RF 
power output. 


The plate efficiency of an RF amplifier, 
then, is the ratio of RF power output to the 
DC power input. As an equation, 


Power delivered to the 
load (RF) 
ai al Power applied to the 
plate circuit (DC) 


To illustrate, assume a DC power input of 
100 watts, and an RF power output of 75 
watts. The power dissipated at the plate 
must then equal 100—75, or 25 watts. The 


; . 15 
efficiency is 100 or 75 percent. 

In electron tube amplifiers, only plate 
efficiency is considered, since losses in the 
grid circuit are small, and losses in the filament 
circuit are fixed. The higher the plate efficiency, 
the higher the power input that can be applied 
to the tube without exceeding the plate 
dissipation rating. 

Class C amplifiers are used in transmitter 
circuits when high efficiency is required. In 
class C operation, plate efficiencies from 60 
to 80 percent are easily obtainable because 
maximum plate current flows only during the 
time that the instantaneous plate voltage is 
low. This allows most of the energy to be 
absorbed in the tank circuit rather than in 
the form of heat at the plate. In other words, 
an operating angle of less than 180° increases 
the plate efficiency because it reduces the 
time of plate current flow and reduces the 
power dissipated by the plate. 


As pointed out before, the high efficiency 
of a class C amplifier results from the fact 
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that plate current can flow only when the 
instantaneous voltage across the tube is low, 
and most of the energy can be absorbed by 
the tank circuit. Since the voltage across the 
tube is low only during a small portion of the 
cycle — that is, when current is the greatest — 
it would seem that the current should flow 
for only a few degrees of the cycle. From the 
point of view of efficiency alone, that is true. 
The efficiency of an amplifier can be made 
very high if the current is allowed to flow 
only a few degrees of the cycle. However, 
this is not the ideal way to operate a power 
amplifier. Reducing the current flow to less 
than 120° cuts down on the power output. 
In practice, therefore, there must be a com- 
promise between efficiency and power output. 
The best point of compromise is at an oper- 
ating angle between 120° and 150°. 


GRID EXCITATION VOLTAGE. Grid excitation 
is the RF voltage coupled to the grid from a 
preceding stage. It is sometimes called driving 
voltage. The stage which provides the grid 
excitation is frequently termed a driver stage, 
or a driver. 


To deliver maximum power, the transmitter 
amplifier must receive enough driving power 
to drive its grid so positive that the tube 
reaches saturation. If the driving power is 
too great, though, the grid current will be 
so high that the grid dissipation limit will be 
exceeded. This is due to the fact that a high 
grid current means power dissipation just as 
a high plate current does. 


So far as efficiency is concerned, the grid 
loss is negligible, as stated before. Only a 
small amount of power is dissipated when the 
grid draws current, and this power represents 
only a small part of the power loss in the stage. 
So far as tube operation is concerned, however, 
grid dissipation is important. Whenever the 
grid is driven positive, rectification takes 
place, and current flows from cathode to 
grid within the tube. This current causes 
the grid to heat. If the grid current is low, 
the grid can safely dissipate this heat. If the 
grid current is too high, though, it cannot 
dissipate all the heat and the tube may be 
damaged. Driving power, therefore, must be 
great enough to make the amplifier tube reach 


saturation, but not so great as to exceed the 
grid dissipation limit. 

If the amplifier is a triode, the driver stage 
should deliver from 10 to 20 percent of the 
rated power output of the triode RF amplifier 
it is driving. Thus, if the power output of the 
amplifier is 500 watts, the driver should be 
capable of supplying at least 50 watts. How- 
ever, when screen grid amplifiers are used, the 
required output of the driver would be much 
less. The usual specification for a driver sup- 
plying a screeen grid amplifier is 5 to 10 per- 
cent of the power output of the amplifier. 


OPTIMUM PLATE LOAD. Consider now the 
optimum plate load in the light of the points 
just discussed. First, for high efficiency, the 
plate load should permit maximum plate 
current. This is necessary so that the plate 
can be driven to saturation when plate current 
is flowing. The tube can stand this saturation 
current because it flows only for a relatively 
small portion of each cycle. 


Second, to reduce power loss, it is desirable 
to have a minimum plate voltage at the time 


of maximum plate current. Still, the instan- 
taneous plate voltage must not be reduced 


below the instantaneous grid voltage. If, at 
any instant, the grid voltage were greater 
than the plate voltage, the grid would draw 
enough current to exceed the grid current 
rating. 

For the class C amplifier, therefore, the 
optimum plate load resistance is that resist- 
ance which will permit the maximum allow- 
able plate current but which will keep the 
minimum instantaneous plate voltage at 
least as high as the maximum instantaneous 
grid voltage required for plate current satura- 
tion. 


Methods of Bias 


Grid leak bias is often used in a class C 
amplifier for that bias is self-regulating. As 
explained before, it tends to give optimum 
amplifier operation under varying conditions 
of excitation. There is a disadvantage, how- 


ever, in using grid leak bias alone — when there 


is no excitation, there is also no bias. Con- 
sequently, tubes operating at fairly high volt- 
ages, especially those having a low ampli- 
fication factor, may be damaged by the large 
plate current which flows when excitation is 
removed. 


Biasing Methods 


79 


To offset the possibility of a lack of bias 
damaging the tube, grid leak bias is usually 
combined with another form of bias. The 
second form may be fixed bias or cathode bias, 
but when used in combination with grid leak 
bias, it is called safety bias. The second form 
of bias keeps the plate current limited to a safe 
value even when no grid leak bias is developed. 


Fixed bias may be used as safety bias. So 
may cathode bias. Plate current flowing 
through the cathode resistor produces a 
voltage drop which is applied between grid 
and cathode. Notice in the schematic diagram 
on biasing methods that an RF choke has been 
included in each circuit to prevent loss of 
RF voltage in the grid excitation circuit. 


The selection of a suitable grid leak resistor 
is not difficult. The tube manual gives both 
the required bias for specific operating con- 
ditions and the rated grid current. Then 
Ohm’s law is used: R=E/I. R is the resistance 
of the grid leak resistor, E the required bias 
voltage, and I the rated grid current. Thus, 
if the amplifier requires a bias voltage of 
—125 volts with a rated DC grid current of 


12 
25 ma, the grid leak resistor is or 5,000 


ohms. Where a combination of grid leak and 
safety bias is to be used, the value of safety 
bias is first subtracted from the required bias. 
Assume, for example, a required bias of —125 
volts and a fixed bias provided from a battery 
of 25 volts. Then the bias that the grid leak 
must develop is 125 —25 or 100 volts. Assum- 
ing a rated DC grid current of 25 ma, the 
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required grid leak resistance is 095 OF 4,000 


ohms. 


To determine the proper value of the 
cathode bias resistor, divide the desired bias 
voltage by the total tube current (the rated 
plate, screen, and grid current). Assume, for 
example, a grid current of 10 ma, a plate 
current of 175 ma, a screen current of 15 ma, 
and a required bias of — 100 volts. The cathode 


10 
resistor then is on =500 ohms. 


Tube and Tube Connections 


Triodes, tetrodes, pentodes, and beam power 
tubes are used in class C amplifier circuits. 
These are operated singly, in parallel, or in 
push-pull. 


Push-pull operation in transmitters is iden- 
tical with the push-pull operation you have 
studied in electron tube amplifier circuits. It 
will be considered under neutralization. 


Two or more tubes are often connected in 
parallel as shown in the diagram. Tubes of the 
same type must be used, and their like ele- 
ments must be connected together. If the load 
impedance is properly adjusted and the input 
voltage is correct, the total output power is 
equal to the number of tubes in parallel times 
the power that one tube can deliver. 

The tubes operated in push-pull or parallel 
require twice as much driving power as a 
single tube of the same type. Bias resistors 
need to be only half as large. 


OUTPUT 


Tubes in Parallel 


The tube used as the RF amplifier should 
be able to deliver the desired amount of 
power within its maximum ratings with good 
efficiency. In addition, it should be capable 
of operating at the desired frequency. As 
frequency increases, tube and circuit losses 
increase rapidly, and plate efficiency de- 
creases. Almost any tube is capable of operat- 
ing satisfactorily at frequencies up to 15 mc. 
At 30 mc and higher, however, special attention 
must be paid to the high frequency capabil- 
ities of the tubes. Other transmitter tube con- 
siderations were reviewed in chapter 2 of this 
manual. 

Just as in the case of the oscillator, the 
plate voltage of the RF amplifier may be 
applied in series or in parallel with the load 
impedance. When plate voltage is applied in 
parallel, the amplifier is shunt fed, and an RF 
choke and coupling capacitor must be included. 
Series and shunt feed in amplifiers is identical 
with that in oscillators as described in 
chapter 2. 


Neutralization and Neutralizing Procedure 


Adding an RF power amplifier to an oscil- 
lator, as shown in the circuit below, will 
probably cause the amplifier to operate 
as an oscillator unless steps are taken to pre- 
vent it. The reason for this is shown in the 
accompanying diagram. The heavy black lines 
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Shunt-fed RF Amplifier 


indicate the RF plate and grid circuits of the 
RF amplifier. Compare this section with the 
oscillator section of the drawing. Notice that 
the sections are essentially the same. The RF 
amplifier, with its plate tank tuned to the 
frequency of the oscillator, is likely to oscillate 
within itself. As an oscillator, of course, it is 
defeating its purpose in the circuit — all the 
advantages of using an amplifier are lost. 

The solution to this problem is neutralization, 
a process by which feedback is counteracted. 


RF AMP 


Resonant Circuit in Amplifier 
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Plate Neutralization 


Plate Neutralization 


Plate neutralization, illustrated in the sche- 
matic diagram, is the most common method 
of counteracting feedback. You remember that 
feedback occurs through the interelectrode 
capacitance of the tube. This capacitance is 
represented in the diagram by C,,. Neutral- 
ization must cancel the feedback through this 
capacitance. 


Variable capacitor C,, is added to the circuit 
to provide a means of cancelling the feedback. 
Here is how C,, is adjusted. The plate voltage 
is disconnected from the circuit at the shorting 
link. Though plate voltage is disconnected, the 
tube is heated and RF excitation from the 
oscillator or previous amplifier is still applied 
to the grid. 


If a feedback circuit exists from plate to 
grid, it also exists from grid to plate. Capac- 
itor C,, can coupte voltage in either direction. 
Thus, the excitation voltage can be coupled 
from the grid to the plate circuit through the 
grid-plate capacitance, and can be detected 
by holding a neon bulb near either end of the 
plate coil. If the neon bulb g‘ows, the neutral- 
izing capacitor C, is varied until the bulb 
goes out or is at its dimmest. When this point 
is reached, the charging currents for C,, and 
C,, are equal. 
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The charging current for C,, charges C6 
and flows up through L1, the top half of the 
center-tapped tank coil. The charging current 
for C,, also charges C6 but flows down through 
L2. Since these two charging currents are 
equal, equal magnetic fields are developed 
around L1 and L2. These fields are opposite 
in polarity and therefore cancel. The result is 
that the voltage across the whole plate tank 
is zero. Since one end of the tank is connected 
to the plate and the other end is connected to 
the grid, and since the voltage across the 
whole tank is zero, there is no voltage to be 
fed back to the grid. 


Even with plate voltage reconnected, any 
stray oscillation which might appear in the 
amplifier is controlled by the action of C,, 
and C,,. So far as the oscillation is concerned, 
the voltage across the plate tank is still zero. 
Oscillation is prevented. On the other hand, 
the flow of plate current due to the excitation 
voltage depends primarily on the conductivity 
of the tube. The effect of either C,, or C,, is 
negligible compared to the conductivity of the 
tube when the grid excitation brings the tube 
out of cutoff. Then the charging current for 
either capacitor is very small compared to the 
current that flows because of the conductivity 
of the tube. The charging current has little 
effect on the magnetic field around L1 and L2. 


‘ Grid Neutralization 


Grid Neutralization 


Neutralization can also be accomplished by 
center tapping the coil of the grid tank, as 
shown in the grid neutralization schematic 
diagram. To neutralize the amplifier, plate 
voltage is removed from the tube. Any energy 
in the plate circuit will be coupled there 
through the grid-to-plate capacitance of the 
tube. The presence of energy can be detected 
by holding a neon bulb near the top end of the 
plate tank. The neutralizing capacitor can be 
adjusted until the neon bulb no longer glows 
or is at a Minimum. 


Since the grid coil is center tapped, one end 
is positive while the other end is negative, as 
shown. In charging C,, and C,, therefore, all 
the electrons that go into charging one of 
them comes from the other, and no charging 


current flows through the tuned plate circuit 


to cause the undesirable feedback that will 
set up parasitic oscillations. 


When plate voltage has been restored to the 
tube, any stray oscillations will be cancelled. 
The neutralizing circuit will have a negligible 
effect when the grid brings the tube out of 
cutoff and plate current flows. 


Neutralizing a Push-Pull Circuit 
A single amplifier stage may use one tube 
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or it may use two tubes of the same type in 
push-pull. If it uses one tube, it is called a 
single ended stage. If it uses two tubes in push- 
pull, it is called a double ended stage. The use of 
a double ended stage provides twice the power 
output of a single ended stage and minimizes 
the amplification of even harmonics. 


Class C amplifiers in push-pull operate at 
about twice cutoff. When the grid of one tube 
goes negative, the grid of the other goes 
positive. One tube amplifies on the positive 
half cycles and the other on the negative half 
cycles. The plate currents are combined in 
the plate tank circuit so that they add, pro- 
ducing a sinusoidal wave. 


The excitation voltage from the driver stage 
is divided between the grids of the two tubes. 
This is accomplished by grounding the center 
of the coil making the two halves of the coil 
identical. A circuit so arranged is a balanced 
circuit. It is said to be symmetrical. 


Neutralization for each tube is identical 
with neutralization for a single ended stage. 
Adjustment is made with plate voltage re- 
moved. In the schematic diagram for push-pull 
neutralization, C and Cl are neutralizing 
capacitors. Capacitor C is adjusted so that 
the charging current for it, charging C2 and 
flowing up through L2, is equal to the charg- 
ing current for the interelectrode capacitance 
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Push-Pull Neutralization 


of tube B, charging C2 and flowing down 
through L1. The resulting fields are equal and 
opposite so that they cancel. Capacitor Cl is 
adjusted so that its charging current, charg- 
ing C2 and flowing down through L1, is equal 
to the charging current for the interelectrode 
capacitance of tube A, charging C2 and flow- 
ing up through L2. These resulting fields are 
opposite and cancel. Thus, each set of charg- 
ing currents produces zero voltage across the 
plate tank. With plate voltage restored, any 
stray oscillations are cancelled in the plate 
tank. Charging currents are negligible com- 
pared to the currents that flow in the plate 
circuit because of the conductivity of the tube. 


Meters Used for Neutralizing 


The problem of neutralization is simply a 
matter of determining just when neutralizing 
capacitor C,, is set to the correct value. For 
the purpose of adjusting C,, any RF in the 
plate circuit can be measured, as just described, 
with a neon bulb. It can also be measured with 
an RF milliammeter inserted in series with the 
plate tank circuit. Still another way of 
measuring the RF in the plate circuit is to 
use a flashlight bulb or an RF milliammeter 
connected to a 1- or 2-turn coil of wire coupled 
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to the tank circuit by mutual inductance. 
These simple yet reliable devices may be sup- 
plemented by an electron tube voltmeter or a 
cathode ray oscilloscope. Generally, though, 
transmitter circuits are provided with meters 
which can be used for neutralization. 


A DC plate meter in the oscillator circuit 
can be used for neutralization. When plate 
voltage is removed, any RF energy in the 
plate circuit of the amplifier is coupled there 
from the oscillator stage through the grid-to- 
plate capacitance of the tube. Tuning the 
amplifier plate tank past resonance will result 
in a sharp increase of coupled energy from 
the oscillator plate circuit. This will show on 
the oscillator plate meter as a distinct change 
in oscillator plate current. However, when the 
neutralizing capacitor C,, has been correctly 
adjusted, the oscillator will lose no energy to 
the amplifier plate circuit. Tuning the amplli- 
fier plate tank past resonance will bring no 
change in oscillator plate current. 


A DC milliammeter in the grid return circuit 
of the amplifier may also be used for adjusting 
neutralizing capacitor C,. If the amplifier is 
not neutralized, meter current will vary when 
the plate tank is tuned through resonance. If 
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the amplifier has been neutralized by properly 
adjusting C,, meter current will not show a 
variation when the plate tank is tuned 
through resonance. 

A circuit having both a grid current and 
plate current meter can be checked for neu- 
tralization by observing whether minimum 
plate current and maximum grid current 
occur at the same point of tuning, with the 
amplifier under operating conditions. If neu- 
tralization is complete, the grid current should 
decrease smoothly as the plate circuit is 
slightly detuned on either side of resonance. 


Tetrode and Pentode Amplifiers 


Single tube and push-pull stages may be 
designed to operate with transmitter type 
pentodes or tetrodes. The diagram shows a 
single ended RF amplifier using a tetrode. 
Essentially, the tetrode amplifier operates in 
the same way asa triode. Risa screen dropping 
resistor to reduce the B+ voltage applied to 
the screen grid. C is a screen bypass capacitor 
to keep the screen voltage constant. Cl is a 
grid bypass capacitor to bypass RF around 
the bias supply and back to the cathode. 

The use of tetrodes in push-pull is illustrated 
by the schematic diagram on page 86. R is the 
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screen dropping resistor and C is the screen RF 
bypass capacitor. R1 is a grid resistor which 
applies the fixed bias to the stage. The screen 
bypass capacitor effectively grounds the screen 
for high frequency currents. 


In these circuits, the RF bypassed screen 
grid acts as an electrostatic shield between the 
grid and plate and minimizes the grid-to- 
plate capacitance. Consequently, feedback is 
not sufficient to cause the amplifier to oscillate. 
The screen grid amplifier can therefore be 
designed to operate without neutralization up 
to about 25 mc. With specially designed UHF 
screen grid beam power tetrodes, amplifiers 
operate frequently on frequencies as high as 
100 mc without neutralization. But where high 
frequency stability is required, neutralization 
is used. In addition, when audio tubes such as 
the 6L6 and 6V6 of the beam power type are 
used in the transmitter circuit they usually 
require neutralization. 


Now consider the simplified RF amplifier 
using a pentode tube. You will see that there 
is nothing new in its basic operation. Exci- 
tation voltage is built up across the LC circuit 
when that circuit is tuned to the input fre- 
quency. The voltage induced in the circuit is 
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Push-Pull Tetrode RF Amplifier 


applied between grid and cathode and ampli- 
fied by the tube. The parallel plate tank 
circuit is tuned to resonance at the same 


frequency that is applied to the grid. Pulses 
of plate current sustain the oscillation in the 
plate tank, and the RF voltage across the 
tank is coupled to the next stage by the output 


coil. The screen and suppressor grids take no 
part in the fundamental action. They simply 
isolate the plate and grid circuits and prevent 
feedback which might cause the stage to 
oscillate. 


When neutralizing becomes necessary in 
circuits using screen grid RF amplifiers, the 
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methods and circuits are the same as those 
used for triode amplifiers. However, a neu- 
tralizing capacitor of much smaller value can 
be used because the grid-to-p’ate capacitance 
of the tetrode and pentode is relatively small. 
A common value required for beam power 
tetrodes is 0.2 mmf — a value much below the 
rating of ordinary neutralizing capacitors. 
For this reason, a hand fabricated type of 
capacitor is generally used. One procedure is 
to fasten one end of a conductor to the grid 
and bring the other end into the vicinity of 
the plate leads. This procedure is illustrated 
in the diagram of the RF amplifier using a 
beam power tetrode type tube 815. Each 
neutralizing capacitor (C,) is adjusted by 
varying the distance between the conductor 
and the plate leads. 


Incidentally, the circuit shown here is one 
designed for use at very high frequencies 
(VHF) from 30 to 300 mc. It is fundamentally 
the same as the tetrode push-pull circuit on 
page 86. R is the screen dropping resistor 
and C is the screen bypass capacitor. 


Grounded Grid Amplifier 


Operating an amplifier in VHF and UHF 
ranges brings increased importance to neutral- 


ization. Even a straight wire may have its 
inductance, and any two metal surfaces 
separated by a dielectric can have capacitance. 
Such inductances and capacitances are small 
enough to be ignored — until you get into the 
very high frequency ranges. There they be- 
come critical. Almost any combination of 
wires and surfaces might represent a tuned 
circuit with parasitic oscillations to disturb 
the performance of the amplifier. Neutraliza- 
tion then becomes both more necessary and 
more difficult. This is especially true of triodes 
with their relatively high inter-element 
capacitances. 


A circuit with a grounded grid permits the 
use of a triode at high frequencies because it 
permits effective neutralization without a 
neutralizing capacitor. In the grounded grid 
amplifier circuit, the signal voltage appears 
between cathode and ground. The plate cir- 
cuit is conventional in that the load im- 
pedance appears between plate and ground, 
but the RF is introduced in the input tank 
in the cathode circuit. Since the RF signal is 
not applied to the grid, the grid-to-plate 
capacitance cannot reinforce the input signal. 
Furthermore the shielding effect of the 
grounded grid element reduces capacitance 
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Grounded Grid Amplifier 


effect between plate and cathode to a min- 


imum. Thus, it practically eliminates parasitic. 


oscillations originating from this source. 


The circuit is used at frequencies where the 
ordinary screen grid amplifier does not give 
satisfactory operation. Even tubes specially 
designed for low interelectrode capacitance 
operate more satisfactorily in a grounded grid 
circuit when the UHF band is approached, or 
where a wide frequency range is desired. 


The circuit has one disadvantage, though — 
the filament supply must be isolated from the 
RF in the cathode circuit by a suitable filter 
arrangement. 


Parasitics 


Sometimes circuit conditions in an oscillator 
or amplifier are such that oscillations occur at 
frequencies other than the desired frequency 
and in parts of the circuit other than in the 
resonant tank. Such oscillations are called 
parasitic oscillations. They are undesirable 
because they represent wasted energy so far 
as the useful output is concerned, they may 
cause transmission of unwanted signals, and 
they may reduce the stability of an oscillator. 
In an amplifier, they may render the stage 
useless. 


Parasitics may occur near the operating 
frequency or at frequencies far from the 
resonant frequency of the tuned circuits. 
They may be present only intermittently. 
Still, for efficient transmitter operation, para- 
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sitic oscillations must be isolated and neutral- 
ized. 


Parasitic oscillations are generated by cir- 
cuits identical with those producing normal 
oscillations. The circuits which produce them 
are most often tuned plate tuned grid circuits, 
which are the result of stray capacitance and 
inductance. As in the usual oscillator circuit, 
parasitic oscillations occur only when the grid 
circuit and the parasitic plate circuit are 
resonant to approximately the same frequency 
and when there is capacitive feedback through 
the grid-plate capacitance of the tube. 


How high frequency parasitic oscillations 
manage to get into a circuit is shown in the 
schematic diagram. A is a typical RF power 
amplifier circuit. B is the section of this 
circuit which makes up the parasitic circuit. 
In the RF amplifier circuit, L1 and L2 are of 
such large values that their reactances at the 
parasitic frequency are extremely large. The 
reactances of Cl and C2 are so small at the 
parasitic frequency that they can be con- 
sidered a short circuit for parasitics. Thus, the 
normal plate and grid tanks play no part in 
the parasitic circuit. The parasitic circuit gets 
its plate tank and grid tank as shown in B. 


L, represents the inductance of the grid 
leads 


L, represents the inductance of the plate 
leads 


C,.. represents the capacitance between grid 
and cathode 


C,. represents the capacitance between 
plate and cathode 


C,, represents the capacitance between 
plate and grid 


If these inductances and capacitances are of 
proper value, the circuit shown in B will pro- 
duce parasitic oscillations. 


A typical parasitic circuit generating UHF 
oscillations in a neutralized circuit is shown 
in the parasitic circuit schematic diagram. 
Here, the elements of the parasitic circuit 
(dotted path) are formed by the inductances 
of the leads of the tank circuit and the inter- 
electrode capacitances of the tube. If the 
leads are more than a few inches long, the 
parasitic circuit may oscillate in the 60 mc 
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UHF Parasitic Circuit 


region. A Hartley oscillator with too long 
leads might develop this type of parasitic. 
UHF parasitics are the most common type. 
They are usually damped by using parasitic 
suppressors in the grid lead of a circuit, as 
explained later. 


Low frequency parasitics the least 
troublesome — occasionally exist as the result 
of an improper choice of chokes and bypass 
capacitors. Usually, the plate and grid circuits 
become resonant due to some combination of 
inductance and capacitance which the design- 
ers failed to foresee. The schematic diagram 
shows one way in which low frequency par- 
asitic oscillations can be generated. Part B 
shows the parasitic circuit which may result 
from A. Symbols of B correspond to those of 
A except for Cx, which represents the power 
supply filter capacitance. The inductances of 
the grid and plate lead respectively. which 
figure in high frequency parasitics, are so 
small that they may be neglected here. Note 
that the amplifier is neutralized (C,,). Yet, if 
the inductances of the chokes and the capac- 
itances shown in the tank circuits of B happen 
to be resonant to approximately the same 
frequency, a tuned grid tuned plate type of 
oscillator, independent of the normal tank 
circuits, may go into action. Oscillations of 
this type usually can be damped by changing 
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the size of the plate bypass capacitor, or by 
using a plate choke of less inductance than 
the choke in the grid circuit. 


With parasitics being so prevalent, the 
question naturally arises, when should you 
suspect the presence of parasitics? In general, 
when you are faced with poor transmitter 
operation which fails to respond to the usual 
corrective measure; when various elements 
overheat, especially the plates of the tubes; 
when output is low; or when frequency 
stability is difficult to maintain. 


To detect parasitics, you may use a neon 
tube, which will glow when p aced near any 
component having an RF voltage. First, 
though, remove the excitation applied to the 
grid from the previous stage. Then the RF 
energy at the operating frequency will no 
longer be present in the amplifier, yet con- 
ditions will be right for the amplification of 
most types of parasitics. Under these con- 
ditions, it will be the parasitics that light up 
your exploring neon tube. 


Parasitic oscillations may be suppressed by 
placing resistors or RF chokes of the correct 
value at various points in the circuit, by 
arranging parts carefully, and by shortening 
leads. These measures serve to detune the 
parasitic circuit and eliminate its oscillation. 


Small resistors and RF chokes used in a 
circuit to eliminate parasitic oscillations are 
called parasitic suppressors. They are usually 
placed in the grid lead, plate lead, or both, 
close to the socket terminal. The resistors 
used may range from 10 to 50 ohms. 


When the power of an amplifier gets to be 
relatively high, around several hundred watts, 
RF chokes and resistors connected in parallel 
can be used. If a resistor were used alone, in 
this case, there would be excessive heating of 
the resistor because of the grid or plate current 
flowing through it. In a low power amplifier, 
this is not objectionable but in a high power 
amplifier it is. By using the combination of 
inductance and resistance, the current at the 
parasitic frequency is stopped by the high 
impedance of the choke. It must therefore 
flow through the resistor section and as a 
consequence it is damped out. The resistance 
of the choke to DC is negligible, though, and 


Low Frequency Parasitic Circuit 


the DC current therefore flows through the 
choke and not the resistor. The heating of the 
resistor caused by direct current is thus 
greatly reduced. (See circuit on page 92.) 


MASTER OSCILLATOR POWER AMPLIFIER 


You remember that the first electron tube 
transmitters consisted of a simple oscillator 
coupled directly to the antenna. Such a trans- 
mitter is now obsolete. The simplest trans- 
mitter circuit today is a master oscillator — 
power amplifier combination (commonly 


called MOPA). 


Factors Influencing Frequency Stability 
The oscillator generating RF of some pre- 
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determined frequency is the determining fac- 
tor in frequency stability of any transmitter. 
An unstable oscillator will cause an unstable 
signal to be radiated by the antenna. All 
factors previously discussed relative to the 
stability of the oscillator (plate voltage, tem- 
perature, mechanical variations of circuit 
elements, Q, LC ratio, and loading), are im- 
portant to frequency stability in the trans- 
mitter. 


The MOPA was developed to overcome the 
instability of an oscillator coupled directly to 
an antenna. Its oscillator stage, isolated from 
the antenna, is not affected by changes in 
antenna-to-ground capacity. With an MOPA, 
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Parasitic Suppressors 


if there are such changes, the only noticeable 
effect on the circuit is a change in the resonance 
conditions between the antenna and power 
amplifier stage. If the circuit is properly neu- 
tralized, the frequency stability of the oscil- 
lator will not be affected. The loss in radiation 
efficiency will be practically negligible. 


The reason that the oscillator of a MOPA 
transmitter is effectively isolated from changes 
in the antenna-to-ground capacitance is that 
the power amplifier circuit is located between 
the oscillator and the antenna. With the 
power amplifier neutralized, changes in its 
plate impedance will not be reflected into the 
grid circuit and back to the oscillator. The 
AC voltage applied to the grid of the PA 
from the oscillator will cause the plate tank 
of the PA to oscillate at the frequency of the 
oscillator. It is true that the antenna-to-ground 
capacitance is reflected back and becomes a 
factor in resonating the plate tank of the 
power amplifier. Still, the power amplifier is 
loaded and the Q of the circuit is low. This 
means that the plate tank has a broad res- 
onant curve. Therefore, small changes in 
capacitance due to a changing load (a swing- 
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ing antenna) will not much affect the tuning 
of the circuit. As a result, the grid signal will 
produce oscillations at its own frequency in 
the plate tank even when the values of L and 
C are slightly changed. As long as the oscillator 
frequency is constant, therefore, the frequency 
of oscillations in the plate tank remain 
relatively unchanged. 


Oscillator Considerations 


The MOPA may use any of the common 
variable frequency oscillator circuits, but 
usually not a crystal oscillator. Where a 
crystal oscillator is used in a high frequency 
transmitter, an MOPA setup is not used. 
Instead, the crystal-controlled oscillator is 
usually followed by stages called buffers and 
frequency multipliers. 


Selection of an oscillator depends on the 
purpose for which the transmitter is intended. 
For example, on frequencies up to approx- 
imately 500 kc, the Colpitts oscillator is 
generally chosen, for it is stable and depend- 
able. On frequencies above 500 kc, in the 
medium frequency range, the Hartley circuit 
is chosen for its stability in that range. If the 
frequency must be variable, yet stable, an 
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MOPA and Neutralization Circuit 


electron-coupled oscillator circuit may be 
selected. 

Now examine the practical MOPA circuit 
shown in A of the schematic diagram. It is 
complete with RF chokes and bypass capac- 
itors. The oscillator is a series fed Hartley 
circuit. Its output, coupled to the amplifier 
through C4, excites the amplifier grid circuit. 


Amplifier Considerations 


The power amplifier also varies in design 
according to the purpose of the transmitter, 
but almost without exception it operates 
class C. Its output delivered to the antenna 
may vary from a few watts up to 50,000 
watts, depending on the purpose of the trans- 
mitter. Purpose, likewise, governs circuit con- 
siderations. The tube data charts outline 
typical operating conditions for RF amplifiers, 
specifying voltages, power output, required 
excitation voltages, bias, rated grid current, 
and plate dissipation. Of these factors, power 
output is most important. A PA tube is 
selected and its stage designed for the desired 
output. The power of the PA is also the 
determining factor in the selection and design 
of the oscillator, since the oscillator must pro- 
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vide the proper amount of excitation to give 
the PA its required output. 


The bias of the PA must conform to the 
ope-ating bias rated for the tube. When bias 
depends on grid current, safety bias is also 
used to prevent the tube from being damaged 
by excessive plate current if grid excitation 
should be removed. In practice, the amount 
of safety bias is somewhere between the value 
required to cut off the plate current and the 
value required for normal operation. In the 
schematic diagram of the MOPA, grid leak 
bias is developed across R1 and safety bias 
across R2. 


Though the MOPA does not have to be 
neutralized each time it is tuned, it should be 
checked at specified intervals, because aging, 
handling, and temperature changes of circuit 
components over a period of time may make 
readjustment necessary. 


To understand neutralization in the MOPA 
shown above, study the equivalent circuit 
shown at B. When C,, is properly adjusted, 
the charging current for C, and C,, is 
one and the same and therefore no current 
flows through L2 to start parasitic oscillations. 


Capacitive Coupling 
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Another important factor to consider in 
connection with the PA stage is the setting 
of the tuning capacitor C2 in the PA plate 
circuit. If this capacitor is not set at approx- 
imately the resonant point before high voltage 
is applied to the plate of the amplifier, exces- 
sive plate current may damage the tube. The 
B+ applied to the stage is sufficient to burn 
out the tube if the plate tank is not at, or 
close to, resonance. When the ohmic resistance 
of C2 is negligible, both unity power factor 
and maximum impedance occur at the res- 
onant setting of the tuning capacitor. If the 
tank circuit (L2-C2) is not set near the 
resonant point, it has a very low impedance. 
This off-resonant load impedance is small 
compared to the load impedance when C2 is 
properly adjusted. The energy which passes 
through the tube and through the tank 
circuit is divided proportionately between the 
plate resistance of the tube and the load 
impedance of the tank. When the tank 
circuit is not tuned to resonance, almost the 
entire voltage drop is across the tube. With 
the high operating potentials of transmitting 
tubes, this would mean a great increase in 
plate current which would ruin the tube or at 
least materially shorten its life. If, however, 
the tank is tuned approximately to its resonant 
frequency, its impedance is relatively large, 
and it absorbs its share of the voltage drop. 
Thus the voltage across the tube is not suff- 
ciently great to cause damage to the tube. 


This is of such importance that in high 
power transmitters there are switches to re- 
duce the tube voltages while the transmitter 
is being tuned. After the tuning is complete, 
the proper operating voltages are again applied. 


Methods of Coupling 


In a transmitter, the output from one stage 
is coupled to the input of another by capacitive 
coupling, link coupling, or inductive coupling. 
When two stages are coupled capacitively, the 
output tuned circuit of one stage serves as the 
input of the next stage. Thus, the tank circuit 
of the MOPA oscillator shown in A of the 
schematic diagram on page 93 serves as the 
input circuit of the PA stage. The coupling 
capacitor C4 provides a low impedance path 
for the RF energy coupled from the oscillator 


tank to the grid of the power amplifier. It also 
prevents the high DC voltage from being 
applied to the grid. 


CAPACITIVE COUPLING. Notice the arrange- 
ments for capacitive coupling in the schematic 
diagram at the left. These may be used in 
all types of transmitters. Circuit A illustrates 
a series fed driver stage plate circuit, and B, a 
shunt fed plate circuit. The circuit at C 
permits grounding the rotor of the tuning 
capacitor. 


Capacitive coupling can also be achieved by 
using a split stator capacitor in the oscillator 
tank, as shown in D. Except for the split 
stator, the circuit is identical with the one just 
discussed. The coupling method shown at E 
illustrates capacitive coupling between a 
single-ended driver and a balanced push-pull 
amplifier. 


Capacitive coupling is adjusted by changing 
the position of the tap on the tank coil. Thus, 
to increase the coupling, the tap is moved 
closer to the top of the coil. To prevent over- 
coupling, the tap can be moved closer to the 
lower end of the coil. 


Capacitive coupling is simple and is fre- 
quently used in low power amplifier stages. It 
has some disadvantages, though, which limit 
its use at high frequencies. Here is why. You 
remember that any wire has the property of 
distributed or stray inductance. T'wo con- 
ductors, separated by air, have a capacitance 
called distributed capacitance, or stray capaci- 
tance. The reactances of stray inductances are 
very small and the reactances of stray capaci- 
tances, very large, at low frequencies. There- 
fore, at those frequencies, they cause very 
little loss due to shunting. At high frequencies, 
though, stray inductances and capacitances 
may cause heavy losses. The leads to the grid 
of the amplifier should therefore be kept very 
short to reduce RF power losses and to reduce 
unwanted feedback between circuits. In a high 
power amplifier, keeping the leads short makes 
the physical arrangement of parts and stages 
difficult when capacitive coupling is used. 


Capacitive coupling accomplished by tap- 
ping the coil of the tuned circuit of the driver 
has a further disadvantage. Adjustment of 
coupling by moving the coupling lead along 
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Nodal Point Link Coupling 


the coil may result in parasitic conditions 
difficult to remedy. 


Capacitive coupling may also make it diffi- 
cult to neutralize the power amplifier because 
it couples additional capacity from the driver 
stage into the neutralizing circuit. In the case 
of the MOPA, where the driver is the oscilla- 
tor, shunting this capacitance across the tank 
decreases the stability because it lowers the 
Q of the tank. 


LINK COUPLING. A special form of inductive 
coupling is also commonly used in trans- 
mitters. The link consists of a low impedance 
line terminating in a coil at each end. These 
coils are sometimes wound around the coils 
of the circuits which are coupled together — 
one end wound around the output coil of the 
driver and the other end around the input coil 
of the power amplifier. This coupling is made 
at a point of low potential. The point of low 
potential in a coil is called the nodal point. It 
occurs at the ground end of the tank in single- 
ended stages and at the center of the coil in 
balanced circuits such as push-pull amplifiers. 


By operating at a point of low voltage, link 
coupling can eliminate harmonics which might 
otherwise be transferred by capacitive coup- 
ling. This is demonstrated in the schematic 
diagram, Nodal Point Link Coupling. When 
L3 is coupled to the high voltage end of L2 
(in A), a large effective capacitance C, 
exists between the two coils due to the 
voltage difference. As you know, energy 
can be coupled through any capacitance 
by means of the electric field set up in the 
dielectric. When coupling is made at the 
low RF voltage end of L2 (in B), no dielectric 
field exists across C, and no energy is trans- 
ferred through stray capacitance. Therefore, 
only magnetic coupling is effective between 
L2 and L3. 


INDUCTIVE COUPLING. Link coupling is a 
special kind of inductive coupling. Inductive 
coupling, in general, is used extensively in 
transmitters. This type of coupling is possible 
due to magnetic lines of force set up by the 
current in one coil inducing a voltage in 
another coil. The extent to which the lines of 
force of the energized coil or primary cut the 
other coil or secondary is measured in henries, 
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and is called the mutual inductance (M). If 
the coils are in tank circuits, independently 
tuned to the same frequency, and if the coils 
are spaced so that only a few of the lines of 
force of the primary cut the secondary, 
coupling is said to be loose. When the two 
circuits are loosely coupled, M is small and 
consequently the induced voltage in the 
secondary is small. When the secondary coil 
is placed close to the primary, many lines of 
force of the primary cut the secondary and 
the coupling is said to be close. In this case, 
M is large and the induced voltage is large. 


The term coefficient of coupling is used to 
indicate the degree of coupling between two 
circuits. The coefficient of coupling is a ratio 
of the mutual inductance actually present 
to the maximum mutual inductance obtain- 
able. The coefficient of coupling is shown by 
the equation, 


_ Mu 
“ NLIXxL2 


where M is the mutual inductance and LI 
and L2 are the self inductances of the primary 
and secondary coils. When all the lines of 
force of the primary are cutting the secondary, 
k is equal to 1, and is said to be 100 percent. 
A coefficient of coupling of .25 means that 
25 percent of the lines of force are cutting the 
secondary. 


As the coupling between two resonant tanks 
is increased, the voltage induced in the secon- 
dary increases up to a point and then starts 
to decrease. This point is called critical coup- 
ling. At critical coupling, the resistance re- 
flected into the primary circuit by the secon- 
dary is equal to the resistance of the primary 
itself. This represents a condition of matched 
impedance and allows maximum power trans- 
fer. Critical coupling is a constant for any 
specific circuit, since it is dependent on the Q 
of the circuits. Mathematically, 


1 
Critical coupling = Vo.xa. 
Q, XQs 


This means that any factor affecting the Q 
of either primary or secondary circuit also 
affects its critical coupling. This also means 
that any resistance placed in series or parallel 
with either tank circuit affects the coupling. 


@ 
i | 
. 


Ww 
O 
< 
= 
=_l 
oO 
> 
— 
=) 
a. 
= 
~ 
Oo 
tu 
= 
= 
< 
iu 
r.4 


RESONANCE 


. LOOSE COUPLING 

. CRITICAL COUPLING 

. CLOSE COUPLING 

. COMPROMISE BETWEEN 
CLOSE AND LOOSE 
COUPLING 


FREQUENCY 


Effect of Coupling on Response 


Thus, the reflected resistance from an antenna, 
which is considered to be in series with the 
PA tank, is a factor in determining the coupl- 
ing between the power amplifier and the an- 
tenna. The plate resistance of the tube, which 
is in parallel with the tank circuit, also affects 
the coupling. If you remember that Q is 


—T where X, is the inductive 
resistance of the coil, this relationship should 
be clear. 


equal to 


Another relationship should also be clear. 
If two high Q resonant circuits are coupled 
together, maximum power may be delivered 
with very loose coupling between the two 
circuits. A higher coefficient of coupling is 
required to reach critical coupling when the 
values of Q are low. This is important where 
frequency stability is a factor as in the loading 
of an oscillator. 


The above equation should make still 
another relationship clear. When circuits are 
loaded, it is possible that a condition may 
arise where critical coupling cannot be ob- 
tained by further increasing the coupling 
because the coils are physically as close as 
possible. In such a case, critical coupling may 
be secured by increasing the Q of one or both 
of the coupled circuits. To increase the Q, 
the L/C ratio can be decreased or the load 
can be tapped farther down on the secondary. 

Study the chart showing how changing the 
coefficient of coupling between two resonant 
circuits independently tuned to the same 
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frequency affects the output voltage from the 
secondary circuit. In making this chart of 
this type, the input voltage applied to the 
primary is held constant in amplitude while 
its frequency is varied. The output voltage is 
measured across the secondary. If each circuit 
is independently tuned and the coupling kept 
loose, the over-all frequency response assumes 
the form shown by curve A. 


A double-humped curve, with one hump 
occurring on each side of resonance as shown 
by C, results from a coefficient of coupling 
that is greater than critical coupling. If two 
circuits are tuned to resonance at a desired 
frequency, then moved closer together, the 
voltage induced in the secondary increases, 
until critical coupling is reached; then, voltage 
and current in the secondary decrease. When 
the coupling is closer than critical coupling, 
the secondary field acts on the primary circuit 
to increase its effective resistance. This means 
a lower Q, and in effect, a lower inductance 
and a higher resonant frequency. When 
critical coupling is exceeded, the coupled 
circuit has two new resonant frequencies as 
shown by the two humps in curve C. 

As shown in these curves, the closer the 
coupling, the greater is the distance between 
the peaks. As shown by D, it is possible to 
work out a compromise between very loose 
and very close coupling and get a uniform 
response to a small band of frequencies. 


Meter Placement and Interpretation 


The MOPA transmitter schematic diagram 
on the following page shows how meters are 
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MOPA with Tuning Meters 


placed in the circuit to facilitate tuning. Meter 
A1 in the grid circuit and meter A2 in the plate 
circuit of the power amplifier are DC milliam- 
meters. Al measures the rectified DC grid 
current and A2 measures the average DC 
component of the plate current. The plate 
choke in the lead to A2 diverts the RF cur- 
rent from the meter through C3. 

The greater the output of a driver stage, 
the greater is the positive peak of the grid 
excitation voltage appearing across the grid 
circuit of the following stage, and the greater 
is the rectified grid current drawn by that 
stage. Where there is no separate tuned output 
tank for the driver stage, as in the MOPA 
shown here, the excitation for the PA is con- 
trolled by using the proper size choke and 
other circuit components. These are selected so 
that the coupling between the driver stage and 
the PA is such that the meter Al shows the 
desired amplifier grid current. When the 
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driver is an oscillator, as in this case, the 
grid current may be adjusted not for maximum 
output, but for satisfactory-oscillator stability. 


The plate circuit of the power amplifier 
contains a parallel resonant circuit. Pulsating 
direct current flows from the cathode to the 
plate, through the tank, and back to the 
cathode. The frequency of the pulses is the 
output frequency of the oscillator. When L1- 
C1 is tuned to resonance at this same fre- 
quency, the tank offers maximum impedance 
to the flow of current in the plate circuit. 
At resonance, therefore, the average plate 
current is a minimum. The DC plate current 
meter shows this current minimum, or “‘dip,”’ 
which occurs at resonance. 


Another way of seeing why the DC plate 
current dips at resonance is to compare the 
dynamic characteristic curves for a changing 
load impedance. Notice in the following dia- 
gram that the higher the load impedance, 
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the flatter the slope of the dynamic charac- 
teristic curve and the smaller the value of 
DC plate current as shown. At resonance, 
the tank presents maximum impedance. Con- 
sequently, plate current is minimum at 
resonance. 

Neutralization is also shown by the meters 
on page 98. You remember that earlier in 
this chapter a method of checking neutral- 
ization by using grid and plate meters was 
discussed. The meter arrangement of this 
circuit is suitable for making this check. Any 
RF amplifier is neutralized if maximum grid 
and minimum plate current occur at the same 
setting of the plate tuning capacitor. Varying 
the plate tuning capacitor on either side of 
resonance should produce corresponding var- 
iations on the grid current meter. To under- 
stand the reason for this, consider the instan- 
taneous voltage and current relationships 
shown in the chart. Here, the plate voltage 
(K,,), grid voltage (K,), grid current (1,), and 
plate current (I,) for a tuned and untuned 
amplifier are plotted. The conditions in an 
untuned amplifier are shown in A. The 
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minimum value of plate voltage is high be- 
cause the impedance of the resonant load is 
low. The plate current is high because the grid 
is positive. Even though the plate voltage is 
at a minimum, it is still positive enough to 
attract to the plate most of the electrons 
reaching the grid area. Still, some of the 
electrons strike the grid wire and flow in the 
grid circuit as grid current. 


Now consider the conditions in the tuned 
amplifier shown in B. Because the amplitude 
of the grid voltage is the same as in A, the 
attraction of the grid is the same. 


However, because the load impedance in 
the plate circuit is now greater, the minimum 
plate voltage has dropped so that it is equal 
to the grid voltage. Hence, the grid has less 
competition in drawing electrons to it, and 
the grid current in B is greater than in A. 
Between A and B, therefore, plate current has 
decreased while grid current has increased. 


When the amplifier is completely neutral- 
ized, the conditions are as shown in B. How- 
ever, if the amplifier is not completely neutral- 
ized, there will be unwanted oscillation at some 
point in the circuit, and the meter indications 
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will not show minimum plate current and 
maximum grid current at the same point. 
Thus, the proper neutralization adjustment 
is shown when maximum grid current and 
minimum plate current occur at the same 
point — at resonance. 


A common practice is to use a single meter 
which can be moved from one circuit to another 
by using meter jacks. Such an arrangement is 
shown in the schematic diagram on page 101, 
where jacks replace the meters of the circuit 
just discussed. R1 and R2 are the meter shunts. 
Jacks A and B are the closed circuit type. In 
each jack there is a direct short around the 
meter shunt when the meter plug is removed. 
Inserting the meter plug breaks the contacts 
and lets the current flow through the meter 
and the shunt. 
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A common method of meter arrangement 
uses one meter and a switch for tuning various 
parts of a transmitter with a single meter. 
The schematic diagram shows a simplified 
multistage transmitter with such an arrange- 
ment. The transmitter consists of a crystal 
oscillator, two RF amplifiers, and a power 
amplifier stage, all of which may be tuned by 
the use of meter M. Arrows A and B represent 
movable arms of a rotary switch SW, which 
make contact with points 1 and C, 2 and D, 
3 and E, and 4 and F as the switch is rotated. 
R, R1, R2, and R83 are meter shunts of the 
proper value to limit the current through 
the meter. Capacitor C is a bypass capacitor 
to bypass any RF variations around the DC 
meter. Moving meter selector switch S to 
position 1-C places the meter in the grid 


circuit of the first RF amplifier stage; moving 
it to 2-D, puts the meter in the grid circuit 
of the second RF amplifier; to 3-E, in the grid 
circuit of the power amplifier; and to 4-F, in 
the plate circuit of the power amplifier. 


Tuning Procedure 


Tuning a broadcast receiver is a simple 
matter. Almost any operator soon gets signals, 
even out of an unfamiliar receiver. There is no 
danger to the equipment in incorrect tuning. 
Tuning a transmitter, though, presents a more 
difficult problem. Adjusting the controls in a 
haphazard manner will not give results. Hap- 
hazardly varying either the oscillator tuning 
capacitor or an amplifier tuning capacitor 
could easily result in excessive plate current 
and damage to the transmitter. It is important, 
therefore, that a proper tuning procedure be 
followed. 

This involves understanding of the general 
principles. Just as certain general principles 
underlie the operation of all MOPA trans- 
mitters, so are certain basic tuning adjust- 
ments common to all transmitters. Once 
understood, these can be adapted for the 
particular transmitter. 

OscILLATOR. Oscillator tuning is the first 
major adjustment. This is done by adjusting 
either a variable inductance or a variable 
capacitance. A calibration table like the 
sample shown here provides the correct 
settings. 


Frequency 


To tune a variable frequency oscillator to 
a given frequency, take the setting from the 
table. For example, following the calibration 
table, you would use a setting of 10 for a 
frequency of 100 kc. 


For 104 kc, though, you would have to 
follow a process of interpolation. This is really 
a way of figuring the proportional difference 
between two known settings to find an un- 
known one. It is based on the fact that, 
within a given frequency range for a particular 
transmitter, the differences in dial settings 
are proportionate to differences in the fre- 
quencies they produce. In equation form, this 
can be put as follows: 


Difference in setting A Difference in frequency A 
Difference in setting B Difference in frequency B 
Here is how you can use this equation. 


1. Find the frequency difference between 
the frequency to be determined and the next 
lower frequency in the table. In this case, it 
is 104—100, or 4. Call this frequency difference 
A. 

2. Find the frequency difference between 
the two frequencies listed above and below 
104 ke. Here, it is 105—100, or 5. Call this 
frequency difference B. 

3. Find the difference between the two 
settings listed above and below 104 kc. The 
difference is 11—10, or 1. This is setting 
difference B. 


4. Use x for the difference in setting A. 
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5. Substituting in the equation, 


x=0.8 
The difference between the setting for 100 
ke and the setting for 104 kc is thus 0.8 of a 


dial division. Consequently, the setting for 
104 ke must be 10 +0.8, or 10.8. 


USE OF FREQUENCY METER. A very accurate 
method of tuning a variable frequency oscil- 
lator is to use a frequency meter. In tuning an 
oscillator, set the frequency meter to the 
frequency at which the transmitter is to 
operate, and couple its output to the receiver. 
The output of the oscillator in the transmitter 
is also coupled into the receiver. Here, the 
two frequencies mix. Vary the oscillator tun- 
ing dial until you hear a ‘“‘squeal’’ in the 
receiver. This is the difference between the 
two frequencies applied to the receiver. Vary 
the oscillator tuning dial until the beat de- 
creases to zero (zero beat). At the point where 
this occurs, the oscillator frequency is equal 
to that of the frequency meter. Continuing 
to turn the oscillator tuning dial in the same 
direction causes the difference frequency to 
increase and again become audible. With a 
little practice, you can easily learn to tune 
to the zero beat. 
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POWER AMPLIFIER. With the oscillator 
tuned, you are ready to tune power amplifier. 
Notice that the sample calibration table on 
page 103 includes dial settings for the power 
amplifier. These are only approximate settings 
but they are close enough to permit the 
application of plate voltage to the power 
amplifier without damaging the tube. In 
tuning a transmitter, it 1s very important to 
have the PA plate voltage removed or reduced 
until the approximate setting of the tuning 
capacitor has been made. After the approx- 
imate tuning is set and the plate voltage 
applied, vary the tuning capacitor of the 
plate tank for a minimum reading on the 
plate current meter. But that is just the start. 
Final tuning of the PA must take the antenna 
into consideration. The antenna is actually a 
resonant circuit which takes its energy from 
the power amplifier plate tank. 


To understand the relationship between PA 
and antenna, examine the schematic diagram, 
Power Amplifier Tuning. L, (variable) rep- 
resents the coupling between the antenna and 
the PA tank. Ra represents the resistance 
of the antenna which causes dissipation of 
RF energy. Variable capacitor C tunes the 
PA tank, and C, tunes the antenna circuit. 
Meter A indicates PA tank resonance and 
meter Al indicates antenna resonance (max- 
imum antenna current). ‘Tuning either circuit 
affects the other circuit. In tuning, therefore, 
it is desirable to first completely uncouple the 
antenna circuit while tuning the power 
amplifier. After the power amplifier is tuned, 
couple the antenna circuit just enough to 
provide a reading on Al. Then tune the 
antenna to resonance by varying C, for 
maximum antenna current. 


Now continue the coupling adjustment. 
Increase coupling until the plate current meter 
reads the maximum value recommended for 
the PA tube. Then retune the plate tank and 
the antenna alternately while keeping the 
coupling adjusted for the proper plate current. 
When you are finished, any change in PA 
tuning should cause an increased reading on 
A, any change in antenna tuning should cause 
a decreased reading on Al, and A should read 
the rated plate current for that particular tube. 
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Another method of power amplifier tuning, 
that is frequently used, is to use only the DC 
plate current meter. This eliminates the need 
for the antenna current meter. Tuning by use 
of the DC plate current meter alone is based on 
the fact that an increase in antenna current 
causes an increase in PA plate current. The 
procedure is identical to that which was just 
given, except that both tuning indications are 
given on the DC milliammeter. First, loosely 
couple the antenna and tune the PA for mini- 
mum plate current. Then increase the antenna 
coupling and tune the antenna for a maximum 
on the DC plate meter. Then adjust the cou- 
pling to the point of recommended plate cur- 
rent. Here again tuning the antenna will 
slightly detune the PA and the two adjust- 
ments must be made alternately until the 
reading is a minimum for plate tank tuning 
and maximum for antenna tuning at the same 
point on the meter scale. This final plate cur- 
rent reading must be the rated tube current 
for the tube. 


BUFFERS AND FREQUENCY MULTIPLIERS 


To prevent interference to other radio serv- 
ices, radiation at harmonic frequencies must 
be kept at a minimum. To keep harmonic radi- 
ation down, many transmitters use crystal 
oscillators, which have relatively low fre- 
quency and low power. With the oscillation 
occurring at low power. there is relatively 


little danger of interference. To raise the 
power output and frequency to the desired 
level, however, these crystal oscillators drive 
buffer amplifiers and/or frequency muitipliers. 
These various amplifier stages have different 
names. An amplifier with the same output 


frequency as the input frequenc y is known as 


a straight traight amplifier. When the function of such 
an amplifier is to isolate the oscillator from the 
other stages of the transmitter it is called a 


buffer amplifier. 


Some amplifiers are frequency multipliers. 
At higher frequencies, it becomes increasingly 
difficult to keep an oscillator stable. There- 
fore, it is common practice to operate the 
oscillator at a low frequency and use stages of 
frequency multiplication to reach the desired 
output frequency. Such a stage is called a 
frequency multiplier. 


A frequency multiplier that gives an output 
twice the input frequency is called a doubler. 
One which multiplies the input frequency by 
three is called a tripler. It is usual practice to 
keep the multiplication in a single stage down 
to a factor of two or three because the effi- 
ciency of a multiplier decreases as the multi- 
plication increases. Though some multipliers 
have a multiplication factor as high as eight, 
their output tends to contain troublesome 
harmonics. In any case, a multiplier usually 
feeds its output to a power amplifier, rather 
than directly to the antenna. 
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Buffer Amplifier 


In the case of an MOPA transmitter, where 
the PA is coupled directly to the oscillator, 
the latter is subject to a changing load when 
the PA is keyed. (Keying is fully discussed, 
later in this chapter.) The input to the ampli- 
fier represents the load on the oscillator. Key- 
ing the power amplifier therefore has the effect 
of alternately connecting and disconnecting 
the load on the oscillator. This changing load 
causes the oscillator to become unstable. So 
a buffer amplifier is used. The purpose of the 
buffer is to act as an amplifier while isolating. 
the oscillator from the power amplifier. 


In the buffer amplifier circuit, you can see 
that, essentially, the buffer operates like any 
other voltage amplifier. The RF voltage de- 
veloped across the oscillator tank is applied 
between grid and cathode of the buffer tube 
through coupling capacitor C. C5 is included to 
bypass the RF voltage around the bias supply. 
Resistor R furnishes grid leak bias for the 
buffer. 


The buffer plate load may be a tuned circuit, 
as shown in the buffer schematic diagram, or 
it may be the primary of an air-core trans- 
former. The tuned circuit offers a fairly con- 
stant load impedance and good response over 
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a band of frequencies. Once the circuit is 
adjusted with the values of capacitors C2 and 
C3 fixed, the load remains unchanged. The 
response curve of this coupled circuit is sim- 
ilar to the double-peaked frequency curve 
shown at D of Effect of Couping on Response 
on page 97. 


Frequency Doublers 


So far in your study, most currents and 
voltages have been represented as simple sine 
curves. Actually a much more complex wave- 
form would give a truer picture. The output 
waveform from an amplifier may consist of 
the fundamental frequency plus a mixture of 
even and odd harmonics. The waveform 
shown, for example, is a mixture of a funda- 
mental and its second harmonic. A very com- 
plex wave, though, may contain as many as 
400 harmonics. By proper circuit adjustments, 
it is possible to pass on one of these harmonics 
to the following stage and eliminate the others. 
In other words, it is possible to make an ampli- 
fier into a frequency multiplier. 


A class C amplifier may be converted to a 
frequency doubler, for example, by tuning its 
plate tank to the second harmonic instead of 
the fundamental frequency applied to its grid. 
The circuit diagram of this type multiplier 
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looks like that of an ordinary class C amplifier. 
But the output voltage developed across the 
plate circuit, and hence the circulating tank 
current, is at twice the frequency of the alter- 
nating voltage applied to the input circuit of 
the tube. The current flowing in the plate 
circuit is a pulsating DC, like the plate pulses 
in the class C amplifier. As you can see in the 
illustration, the current and voltage relation- 
ships for the doubler amplifier are basically 
the same as for the class C amplifier. In the 
doubler, though, the pulses of direct current 
are allowed to flow for only half the time they 
would in a normal class C amplifier. If the 
current flow were not reduced, the plate losses 
would be high because plate current would flow 
while the plate voltage was high. If the time 
of plate current flow is reduced, the average 
plate current is likewise reduced. Hence, the 
power input and power output are also re- 
duced. In practice, the. power output of a 
doubler is approximately 60 percent of the 
output of a conventional class C amplifier. 
That is why the output of a frequency multi- 
plier stage is usually fed to a class C power 
amplifier before it is coupled to the antenna 
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circuit. Since the operating angle is to be 
less than that of a class C power amplifier, 
the bias must be increased. This means that 
the RF grid voltage and grid driving power 
must be greater than in a class C amplifier. 


Unlike the class C amplifier, the frequency 
multiplier must not be neutralized. Since its 
input and output circuits are tuned to different 
frequencies, the energy fed back through the 
interelectrode capacitance is not of the proper 
phase to sustain oscillations. 


Frequency doublers are generally used in 
transmitters with a crystal oscillator to obtain 
frequencies higher than those for which the 
crystal can be ground. Doublers are also found 
in transmitters using variable frequency os- 
cillators. Here they help provide a wide band 
of frequencies. 


Though it is possible to tune the output of 
an amplifier to the fourth multiple of the 
driving frequency, it is usually better to use 
two doublers in place of one quadrupler. The 
quadrupler requires a greater input signal and 
greater driving power, which increases the 
power losses in the input circuit. 


Tripler Voltages and Currents 


Frequency Triplers 


The operation of a frequency tripler is 
similar to that of a frequency doubler. The 
grid of the tripler is driven by the fundamental 
frequency, shown in the illustration, Tripler 
Voltages and Currents. The plate circuit is 
tuned to the third harmonic of the funda- 
mental. As the grid brings the tube out of 
cutoff, a pulse of plate current flows through 
the plate tank circuit This causes the plate 
circuit to complete three oscillations before 
the grid brings the tube out of cutoff again 
since it is tuned to the third harmonic. There- 
fore, the output frequency is three times the 
input frequency. 

Certain conditions must be maintained in 
order for a circuit to triple. The time that 
the plate current pulse flows must be held 
down to about 60 pcrcent of each input cycle. 
In order to do this, the bias must be consider- 
ably greater than the bias on a doubler grid. 
Since the bias is greater the fundamental exci- 
tation voltage must be greater to bring the 
tube out of cutoff. Actually, since the tripler 
operates with grid leak bias, the excitation 
voltage must be great enough to cause the grid 
to draw current. 
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Harmonic Generating Oscillators 


A harmonic oscillator circuit usually em- 
ploys a crystal in a special arrangement which 
allows power output to be obtained on some 
harmonic of the fundamental frequency. An 
example of such a circuit is the tritet crystal 
oscillator shown here. It may use any of the 
common pentode or tetrode tubes. When you 
study this schematic diagram, you find that 
there are two circuits: one is the grid-screen- 
cathode section which is used as a triode 
crystal oscillator; the other is the grid-cathode- 
plate section which acts as a frequency multi- 
plier. The plate section is electron coupled to 
the oscillator section and is tuned to the 
desired harmonic of the fundamental frequen- 
cy. The oscillator section is a modified tuned 
grid tuned plate oscillator. The tuned circuit 
is in the cathode instead of the anode circuit. 
The tritet is especially rich in harmonics be- 
cause a harmonic-cut crystal is used. 


Another type of harmonic generating oscil- 
lator is a modified Pierce oscillator which is 
electron coupled to the plate tank circuit 
(Pierce ECO). Notice in the diagram that the 
grid-cathode-screen section is a Pierce oscil- 
lator and the grid-cathode-plate section is a 


Frequency Multiplier 


frequency multiplier. The plate tank circuit is 
rich in harmonic content because a harmonic- 
cut crystal is used. 

A harmonic-cut crystal is one which will 
readily vibrate at both its fundamental fre- 
quency and at harmonics of this fundamental. 
A crystal, like a string, can be made to vibrate 
at its harmonics. Special cuts of quartz crys- 
tals, called AT and BT cuts, give satisfactory 
operation on the third and fifth harmonics. 
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Frequency multiplication can be achieved 
with any of the conventional type oscillators. 
To insure stability, though, it is most frequent- 
ly used with a crystal controlled oscillator. 
This permits the oscillator frequency to re- 
main stable even though the oscillator is 
driven hard enough to operate the following 
stages of RF amplification. If frequency multi- 
pliers were not used the crystal would have to 
be ground for high frequency, would have to 
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Pierce ECO 


be very thin, and the strain developed across 
it might subject it to possible fracture. How- 
ever, with a system of multipliers, a low fre- 
quency crystal can produce frequencies in the 
VHF and UHF bands without danger of 
fracture. ‘To see how such an arrangement is 
set up, study the frequency multiplier circuit 
(page 109). Assume that the crystal is ground 
to 3.6 mc. The oscillator plate tank circuit is 
tuned to the third harmonic of the crystal 
frequency (10.8 mc). The voltage developed 
across the tank is applied to the grid of the 
buffer through coupling capacitor C5. By 
varying the tap on L, buffer grid excitation 
can be adjusted to the correct value. The buf- 
fer stage is a straight amplifier. Hence, the 
output frequency of tank L1-C1 is also 10.8 
mc. This buffer stage serves two purposes. 
First, it isolates the oscillator and second, it 
delivers a larger power output to the grid of 
V3 than would be obtained from the oscillator. 
The output of the buffer stage is applied to 
the grid of the first doubler through C6. The 
tank C3-L3 is tuned to 21.6 megacycles, twice 
the input frequency of the stage. The voltage 
developed across C3-L3 is then used to drive 
V4. Plate tank C4-L4 is tuned to 43.2 mc. This 
signal, twelve times the crystal frequency, is 
fed to a power amplifier to raise its power to 
the required output level for coupling to the 
antenna. 


TRANSMITTER KEYING METHODS 


The traditional operator’s key can be used 
to impress intelligence on the RF wave put 
out by a transmitter by interrupting the 
continuous wave to form dots and dashes. 
The transmitter operates only while the key 
is closed. The ‘“‘make’”’ and “‘break’’ of the key 
serves to impress the intelligence on the out- 
put. 


Requirements for Good Keying 


Ideally, there should be full output while 
the key is closed; none while it is open. But, 
for various reasons, undesirable energy may 
be sent to the antenna when the key is open. 
If the key is in the final amplifier, there may 
still be coupling to the antenna through the 
interelectrode capacitance of the tube or 
through magnetic coupling from tuned circuits 
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of previous stages. Incomplete neutralization 
of the final amplifier, also, may cause the an- 
tenna to be energized even while the key 
circuit is open. If keying is in a grid circuit, 
insufficient bias may prevent the tube from 
being: completely cut off, thus transferring 
energy to the antenna. A wave transmitted 
while the key is open is called a back wave. 
With a back wave, the key-closed signal may 
be only slightly louder than the key-open 
signal, and very difficult to read. 


The code characters produced by keying 
should be sharp and clear at normal keying 
speeds. The waveform shown in A in the chart 
of keying waveshapes represents a satisfactory 
waveform. It builds up gradually enough to 
eliminate all but a slight click at the closing 
of the key, and it tapers off gradually enough 
to practically eliminate a click at the opening. 


Clicks are the product of the modulation 
process of opening and closing of the key. 
During the building up of the waveform, and 
again at its cutting off, the waveform is rich 
in harmonics. These harmonics cause side- 
bands on the carrier frequency. The sharper 
the buildup and the cutoff, the higher the 
order of harmonics present. These harmonics 
are spurious frequencies, capable of causing 
considerable interference. ‘They produce “‘click- 
ing’? sounds in the receiver. ‘These make the 
signal difficult to read. They also cause inter- 
ference in other receivers tuned to frequencies 
near the transmitter frequency. 


The waveforms at B and C both have a 
wave front steep enough to cause objectionable 
clicks. In addition, the form at B contains 
transients, with no well defined level. 


Any form of interference caused by keying 
is called a transient. The form of transient 
represented at B is probably due to shock 
excitation. The closing of the key causes 
surges of energy back and forth in the circuit 
when the key is in the oscillator or the stage 
immediately following. These surges modulate 
the carrier and are heard in the receiver as 
clicks or thumps and interfere with reception 
on nearby frequencies. 


A good keying circuit should have a neg- 
ligible effect on the oscillator frequency. A key 
in an oscillator circuit or in the following stage 
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Keying Waveshapes 


tends to shift the frequency slightly because 
key operation affects the load impedance. This 
shift, occurring in even the most stable oscil- 
lators at the moment of closing the key, causes 
a ‘‘chirp’”’ to be heard in the receiver and makes 
the signal difficult to read. 


Another form of interference is called arcing. 
It is the interference caused by the spark when 
the key is opened and closed. It is not radiated 
by the antenna, but it can interfere with the 
_ performance of nearby receivers. 


The voltage across the key must be fairly 
low for the safety of the operator. When the 
keyed voltage is high enough to be at all 
dangerous, a relay system should be used. 
Then, the key, at a low voltage, operates a 
relay which closes the high voltage line. 


The safety of the equipment is also im- 
portant. Keying circuits should not permit 
damaging surges of current through trans- 
formers, capacitors, or tubes. To prevent such 
surges, safety bias should be used. When the 
key is open, there is no excitation for stages 
following the keyed stage. Consequently, there 
is no grid leak bias to limit tube current to a 
safe value, unless a safety bias is added. This 
safety bias should equal at least 5 percent of 
the key-closed bias value of each tube. 


Key Circuits 


The key may be used at any point in the 
transmitter where the closed key will permit 
full power transmission while the open key 
will completely halt transmission. 
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High Voltage Keying 


HIGH VOLTAGE KEYING. In high voltage key- 
ing, the key makes and breaks the high voltage 
circuit to the stage which is keyed. Ordinarily 
the key is in series with the negative lead to 
eliminate high potential between it and 
ground. There are two methods of high voltage 
keying, as shown in the schematic diagram. 
High voltage plate circuit keying is shown in 
A, and screen circuit keying is shown in B. 
Such circuits can provide satisfactory keying 
when used with key click filters to eliminate 
clicks (discussed later) and with a keying relay 
to protect the operator. 


Another high voltage keying method is to 
place the key in the power supply itself. This 
method is satisfactory if the key cuts the 
supply voltage ahead of the power sup- 
ply filter circuit. This system greatly re- 
duces key clicks because the lag across the 
power supply filter circuit tapers off the 
wave front. The chief disadvantage of such 
a circuit is the need for extra equipment to 
supply the necessary bias for the rectifiers. 
In addition, a well insulated keying relay must 
be provided for protection of the operator. 


Another example of power supply keying is 
primary keying of the power transformer. This 
circuit is also very successful in eliminating 
key clicks. In fact, the lag across the power 
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supply filter in such circuits may be too great. 
It may produce tail effects which make the 
signals difficult to copy. The lag may also 
interfere with fast keying. However, a suitably 
designed low pass filter can eliminate these 
difficulties and still give generally satisfactory 
power supply filtering. In primary keying, no 
relay is necessary to protect the operator, but 
precautions are necessary to prevent sparking 
at key contacts. Otherwise, the keying may 
cause radiation. A low pass filter at the key 
itself will serve this purpose. 


BLOCKED-GRID KEYING. Keying may also be 
accomplished by having the grid of a tube 
blocked at the key open position and un- 
blocked at the key closed, as shown on the 
following page. This is called blocked-grid 
keying. In circuit A, enough additional bias 
to cut off plate current flow (—100V) is applied 
to the grid of the tube when the key is open. 
When the key is closed, enough of this bias is 
shorted out to permit the tube to operate. 

''The circuit in B has the same basic operating 
principle except that a blocking bias of some- 
what higher value is applied to the suppressor 
grid. Any fixed bias source other than the 
battery may be utilized for this. 

Blocked-grid keying circuits are not ef- 
fective in eliminating keying transients. For 
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Blocked-Grid Keying 


this, suitable keying filter circuits must be 
added. 


A key can be used in the oscillator stage, 
but the circuit needs careful handling. It must 
be designed so that there will be very little 
frequency shift (which causes chirping) with 
the change in load impedance produced by 
keying. And it should be used with an oscil- 
lator operating efficiently at a low plate volt- 
age. A tritet oscillator or any type of re- 
generative circuit is satisfactory for this kind 
of keying. It will oscillate at low voltages pro- 
viding there is some means of keeping the load 
off the crystal. An "¥ choke in series with the 
grid leak will suffice for this purpose. A self- 
controlled oscillator can also be keyed if a high 
L/C ratio is maintained and feedback is care- 
fully adjusted. 


In crystal oscillator keying, it 1s necessary 
that the crystal break into immediate oscilla- 
tion when the key is closed. Certain crystals 
fail to follow rapid keying while others of the 
same design placed in the same circuit work 
satisfactorily. The reason for this phenomenon 
is unknown. 


An oscillator like an amplifier may be keyed 
in the suppressor grid circuit as in the sche- 
matic diagram for blocked-grid keying. The 
key may also be placed so it opens the plate, 
cathode, or screen circuit. 


ils 


One of the difficulties of oscillator keying is 
in the following stages. Even though the os- 
cillator rounds out the characters in such a 
way that there is no appreciable key click, the 
following stages, especially a hard driven class 
C stage, have a tendency to square up the code 
signal and make the key click prominent in 
the output. This difficulty can best be over- 
come by reducing the signal input to each 
stage in the cascade. 


Another problem in oscillator keying is the 
stability of the following stages. Parasitic os- 
cillations in the following stages make key 
clicks very prominent. This type click cannot 
be removed by any method of filtering. 


ELECTRON TUBE KEYING. Another method of 
keying, called electron tube keying, uses a low 
plate resistance electron tube (or tubes in 
parallel) connected into the circuit at a point 
where the key would normally be placed. As 
you can see in the schematic diagram, when 
the key is open, the keying tube is biased to 
cutoff and presents a very high resistance. 
When the key is closed, the tube conducts, 
and its low resistance closes the keyed circuit. 
But even with tubes in parallel, cutting down 
the conducting resistance even further, there 
is still some voltage drop across the tubes, and 
the output of the transmitter is slightly re- 
duced. This can be compensated for with a 
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slight increase in voltage supply. With electron 
tube keying, key sparking and key clicks pre- 
sent no problem. There is very little voltage 
across the key, and a filter is easily designed 
to suppress any interference. Also, operation of 
the key is completely safe. The chief disadvan- 
tage in electron tube keying is the cost of 
extra equipment. 

FILTER CiRculItTs. To give the keying wave- 
form the desired shape and to minimize keying 
transients, suitable filter circuits and lag cir- 
cuits are used. 

Sparking key or relay contacts act as a form 
of spark gap transmitter. They radiate inter- 
ference into nearby receivers, or produce 
damped oscillations which may modulate the 
output of the transmitter. 

To prevent sparking, the voltage across the 
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key or relay contacts should be held to a mini- 
mum, and a low pass filter should be used, as 
close to the key or relay as possible. In most 
instances, a capacitor placed directly across 
the key terminals is enough. In severe cases, 
though, it may be necessary to use series RF 
chokes along with the capacitor, as in the key 
click filter circuit shown. The key click filter 
reduces not only sparking but all the transients 
that modulate the transmitter output and 
make the signals difficult to read. In the case 
of a relay, further reduction of relay sparking 
is achieved by putting the relay in a grounded 
metal shield. 

The lag circuit, shown next, is a filter de- 
signed to give the keying wave its proper shape 
by reducing clicking and other sideband tran- 
sients. It consists of a capacitor across the key 
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terminals and an inductance in series with the 
leads. To adjust the lag circuit for an inter- 
ference-free signal, it is usually necessary to 
experiment with the component values of the 
circuit. These vary according to whether the 
circuit carries low current and high voltage or 
high current and low. voltage. In the former 
case, the capacitor is small and the inductance 
large; in the latter case, the capacitor is large 
and the inductance small. 


BIAS ISOLATOR CIRCUIT. Sometimes a bias 
isolator circuit is used in the grid return of the 
final amplifier stage. This circuit shunts the 
grid current which flows on the positive volt- 
age peaks around the bias power supply. Thus, 
it prevents the surges of grid current from 
causing a change in the bias power supply 
voltage. Such a change would show up in the 
bias on the tubes in the intermediate power 
amplifier stage and would constitute an un- 
wanted signal amplified by the final amplifier. 


To understand this circuit, examine the 
partial circuit of the bias isolator shown in 
the schematic diagram. A bias isolator tube 
is inserted in the grid returns of the final am- 
plifier stage. The grid of this bias isolator 
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stage is connected to the negative side of the 
bias supply. Grid leak resistor R36 connects 
the grid of the bias isolator tube to the filament 
circuit through the centertap of the filament 
winding. The plate of the bias isolator tube is 
grounded through the final amplifier grid 
metering resistor R37. 


When the transmitter is in the static, or 
key-up, condition, there is no flow of final 
amplifier grid current, and there is a large 
voltage drop across R36. This is due to the 
fact that current from the bias supply flows 
through R36, through V7 from filament to 
plate, then through R37 to ground. The re- 
sultant voltage drop across R36 biases the bias 
isolator tube almost to cutoff. The impedance 
of the plate-filament circuit of the isolator tube 
is very high then, and the DC potential of the 
filament circuit approaches the potential of 
the grid bias supply. This potential is applied 
to the grids of the final amplifier through grid 
leak resistor R41 and keeps them cut off. 

In the dynamic or key down condition, the 
grid current pulses from the final amplifier 
flow through resistors R41, R36 and Cl to 
ground. The voltage drop across R36 resulting 


from the flow of grid current in the final am- 
_ plifier opposes the voltage applied by the bias 
power supply. This reduces the bias on the bias 
isolator and allows the tube to conduct freely. 
As a result, the grid current surges flow 
through the bias isolator tube rather than 
through the bias power supply. In other words, 
the bias isolator tube becomes part of the 
grid leak bias section of the final amplifier 
tubes during the key-down interval and helps 
keep the bias voltage constant. Since most of 
the grid current of the final amplifier goes 
through the isolator tube and R37 to ground, 
meter M2 serves to measure this current. 


TRANSMITTER POWER SUPPLIES 


There is as much variety in transmitter 
power supplies as in transmitters themselves. 
A walkie talkie type transmitter is generally 
powered by small, light, compact batteries, 
while a high power broadcast transmitter may 
be supplied by a separate unit consisting of 
a group of rectifiers and transformers. 


High power transmitters usually use three- 
phase systems as this type current has a higher 
ripple frequency component and is easier to 
filter. In low power transmitters, conventional 
single phase rectifier systems are generally 
used. 

Generally, AC power is used, but in much 
of the airborne equipment, a dynamotor sup- 
plies the direct current. Most fixed installa- 
tions use AC power. ‘To supply the filament 
voltage, the power source is usually stepped 
down by a transformer, while plate and bias 
voltages are obtained by rectification after the 
voltage from the source has been stepped up or 
down, as required, by a transformer. Because 
power amplifier stages require greater power 
than oscillator and intermediate stages, a 
voltage divider system is usually employed 
to provide voltages for various stages. 


In high power transmitters the modulator 
section, too, generally has its own supply with 
a voltage divider system similar to that of the 
RF section. 


Whatever the source, though, it is essential 
that it be well-regulated and free of extraneous 
voltage pulses. This is especially true of the 
modulator section, where a modulation hum 
would be undesirable. Poor regulation would 
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lead to voltage changes with frequency in- 
stability in the oscillator and distortion in the 
modulator sections. 


Transmitter Power Supply Components 


RECTIFIER TUBES. It is important to select 
a rectifier tube which will handle the necessary 
current and voltage. All rectifier tubes are 
rated according to the peak inverse voltage. 
Here, this amounts to B+, plus the peak 
value of secondary AC voltage. This means 
that if the voltage across the secondary of a 
power supply transformer is 1,200 volts rms 
value, then the tube in a half wave power 
supply will be subjected to a peak inverse 
voltage of approximately 1,700 volts. The tube 
must also be able to handle the peak value of 
pulsating direct current passing through it. 


Rectifier tubes are, of course, designed for 
various purposes and uses. High vacuum tubes 
have limited use in transmitter power supplies 
because their variable voltage drop gives poor 
voltage regulation. When there is wide varia- 
tion in plate current, due to a varying load, as 
in a class B modulator, the voltage across the 
rectifier will also vary and the voltages sup- 
plied by the rectifier will be unstable. This 
high voltage drop across the tube also causes it 
to generate a considerable amount of heat. In 
the case of large tubes, there is so much heat 
that it must be dissipated by a water cooling 
system. However, since the average high 
vacuum rectifier tube can be depended on to 
handle up to 1,625 volts peak inverse, with 
225 ma of current, some low power trans- 
mitters use it in the power supplies. 


The tube most commonly used in large 
transmitter power supplies is the mercury 
vapor rectifier tube. The voltage drop across 
this type tube is fairly constant (approximate- 
ly 15 volts), regardless of the load conditions 
or size of the tube. Its voltage regulation is, 
therefore, much better than that of the high 
vacuum rectifier tube. However, it must be 
remembered that exceeding its peak inverse 
voltage will cause disintegration of the fila- 
ments of the mercury vapor rectifier. There- 
fore, most circuits using mercury vapor recti- 
fiers have provisions for heating the filaments 
before the plate voltage is applied. 


Heavy duty rectifiers must be carefully 
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located for best possible ventilation. In many 
cases, fans are utilized to dissipate the heat 
generated by the tube, or tubes. 


DRY DISK RECTIFIERS. Large ground trans- 
mitters also need a source of low voltage DC 
for relays controlling high voltage switches, for 
microphones, and for certain bias require- 
ments. To obtain such DC, some form of dry 
disk rectifier system is utilized. As you know, 
certain combinations of thin films of metals 
permit electrons to flow more easily in one 
direction than in the other. At least two com- 
binations show this characteristic sufficiently 
well to be used as rectifiers. One combination 
is a thin film of copper oxide on a copper plate. 
The other is an especially prepared film of 
selenium on a metallic surface such as iron. 


Because the copper oxide film is thin, the 
copper oxide rectifier cannot withstand high 
voltage. Thus, in a half wave circuit, where the 
high inverse voltage might cause a breakdown, 
the copper oxide rectifier is not used. For 
moderate voltages, though, several layers of 
copper oxide and copper built up into a stack 
form a satisfactory rectifier. 


Since the bridge rectifier circuit has a rela- 
tively low peak inverse voltage across each 
rectifying element, it generally employs copper 
oxide and selenium rectifiers. From the circuit 
shown, you can see how this bridge operates. 
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When point A is positive relative to point B, 
sections 1 and 3 conduct, as shown by the solid 
arrows. A half cycle later, when B is a positive 
with respect to A, sections 4 and 2 conduct, as 
shown by the dotted arrows. Thus, the current 
in R is always in the same direction. The 
mechanical arrangement of a bridge type 
rectifier is also shown. 


A transformer seldom is used to raise the 
voltage applied to a dry disk rectifier system. 
The peak inverse voltage rating of the dry 
disk system is too low. However, the use of 
the bridge circuit alone does have an ad- 
vantage, because it reduces the peak inverse 
voltage and eliminates the need for a center- 
tapped transformer to provide for full wave 
rectification. However, transformers may be 
used with dry disk rectifiers to reduce an 
110/115 volt line voltage to 12 volts or 24 
volts. 

The selenium rectifier has less resistance in 
the forward or conducting direction than the 
copper oxide rectifier. Therefore, it can pass 
a greater current than a copper oxide rectifier 
of similar size. Thus it is more efficient. 


FILAMENT SUPPLY. ‘Transmitter filament 
voltages, especially in higher power trans- 
mitters, are generally supplied from an AC 
source by use of a step down transformer. High 
power modulation sections and medium and 


high power RF sections of a transmitter are 
ordinarily supplied with filament voltages 
from individual filament transformers. These 
are placed as close as possible to the tubes to 
avoid excessive voltage drop. As an example, 
notice the various filament transformers in the 
typical transmitter control circuit shown on 
page 120. The transformers, of course, must 
provide rated current to the tubes connected 
across their circuits. Since the tube life is de- 
pendent on the correct filament operating 
voltage, it is also essential that the transformer 
maintain constant filament voltages. Filament 
voltages for rectifier tubes must be especially 
well regulated, as low filament voltages casue a 
substantial reduction in the amount of peak 
inverse voltage which the tube will stand 
without breaking down. 


' Filaments are at full output voltage to 
ground; that is, the full secondary voltage ap- 
pears from the filament winding to the core of 
the filament transformer which is at ground 
potential. Therefore, the rectifier filament 
transformer winding must be insulated to 
withstand this high potential. 


TRANSFORMERS. Because transmitters draw 
‘much more current, the size and weight of 
transformers supplying power for transmitters 
are larger than those used in receivers. The 
energy of the primary circuit must appear as 
magnetic energy in the core and then be con- 
verted to electrical energy in the secondary. 
Therefore, the amount of core material is pro- 
portional to the amount of power a trans- 
former will handle. 


There is a continual magnetizing process 
going on in the core of a transformer. The 
changing magnetic flux causes the molecules 
of the iron to shift position continually. As a 
result, the metal of the core heats up. The 
transformer must, therefore, be so arranged 
that this heat can be radiated into the sur- 
rounding air. Thus, large transformers are 
sometimes immersed in oil for cooling pur- 
poses. This also provides better insulation. 


Heat loss in the core is the chief determining 
factor in transformer efficiency. Transformer 
efficiency depends on the ratio of the energy 
transferred from primary to secondary to the 
total energy put in. The difference between 
the two is the amount of energy lost in dis- 
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sipated heat. Heat losses include core losses 
and the I’R loss in the copper windings. Since 
the voltage ratio of a transformer is directly — 
proportional to the turns ratio, a high step-up 
requires many turns. Again, this means 
greater loss and greater weight. 


When the DC power requirement is about 
one kilowatt, and polyphase power is available, 
polyphase rectifiers are generally used. The 
output of the polyphase rectifier, especially 
the full wave type, is closer to pure DC and 
requires much less filtering than the output 
of a single phase rectifier. In addition, the 
polyphase rectifier has a higher DC output 
voltage in proportion to the peak inverse 
voltage. 


in certain transmitter power supplies, a 
type of transformer called an autotransformer 
is used. This transformer consists of only a 
single winding, with one section of it common 
to both the primary and secondary. In the 
typical transmitter control circuit on page 
120, there is an autotransformer used to step 
up 110 volts, to 220 volts. This type trans- 
former is more efficient than the conventional 
transformer when the transformation ratio is 
not too large. Certainly the power output of 
the autotransformer is greater in proportion 
to the amount of copper and iron used. Thus, 
within its range, it has less loss and better 
regulation. Note in the circuit shown that the 
110-volt input is across only a part of the 
winding while the output of 230 volts is 
across the entire winding. In some uses, one 
of the output terminals is made variable so 
that the output can be adjusted. Such a 
device is usually called a variac. 


FILTER CIRCUITS. Transmitters use two 
types of capacitors for filter circuits. One, the 
paper capacitor, is constructed of aluminum 
foil placed between sheets of waxed paper. 
Often, the container is oilfilled for better 
insulation. The other type of filter capacitor 
is the electrolytic. There are two kinds of 
electrolytic capacitors —- wet and dry. In the 
wet type, an electrode of aluminum serving 
as the anode is immersed in a salt solution 
called an electrolyte. A film of aluminum 
oxide on the surface of this electrode serves as 
the dielectric. The electrolytic solution serves 
as the other electrode of the capacitor. The 


polarity of the capacitor must be observed in 
connecting it into a circuit as a reversal of 
leads will destroy the aluminum oxide film. 
In the dry type electrolytic capacitor, the 
electrolyte consists of a paste. Both types of 
electrolytic capacitors have a greater DC 
leakage than the paper types. The wet type 
of electrolytic leaks electrically more than the 
dry type. However, the wet type is self-healing 
and is not permanently destroyed by excessive 
voltage, while the dry type may be perma- 
nently damaged. The high capacitance of the 
electrolytic type is due to the fact that the 
film of oxide is extremely thin. The working 
voltage of an electrolytic — that is, the DC 
operating voltage it will withstand — is fairly 
low. It ranges from 450 to 600 working volts. 

Oil-impregnated paper capacitors are more 
common in high power transmitters than other 
types because of their higher working voltages. 
As the working voltage ratings increase, 
capacitance must be sacrificed because more 
space is needed between the electrodes to 
prevent destructive arcing through the dielec- 
tric, at high voltages. 


For example, a capacitor having a working 
voltage of 600 volts may have a capacitance 
of as much as 10 mfd while a similar capacitor 
designed to withstand 5,000 working volts can 
have a capacitance of only 1 or 2 mfd. 


Note that filter capacitors store up danger- 
ous charges. Bleeder resistors are therefore 
placed across their circuits to discharge them. 
Carbon resistors, less likely to become open 
than wire wound resistors, should be used as 
bleeders. 


A filter choke used in a transmitter is 
similar to one used in an ordinary electron tube 
rectifier power supply. That is, it consists of a 
coil of wire wound on a laminated core. The 
size of the wire is determined by the amount of 
current which it must carry. 


Choke input filter circuits are usually used 
in transmitter power supplies because they 
provide better voltage regulation. To increase 
their inductance, power supply chokes are 
constructed with very little air gap. This type 
of choke saturates easily and its filtering 
capabilities at high current are therefore some- 
what lessened. However, its high inductance 
at low currents allows the use of smaller 
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bleeder current to keep the current above the 
critical value (as explained later). A power 
supply choke like this, that has a high induc- 


‘tance at low current and low inductance at 


high current, is called a swinging choke. 


Another type choke has a small air gap. 
This type, called a smoothing choke, is con- 
structed to prevent core saturation when max- 
imum current is flowing in the coil. Though 
the air gap lowers the inductance of the coil, 
the over-all inductance under load conditions 
remains higher. A coil of this type requires a 
great many more turns than a conventional 
coil for the same amount of inductance. 


Filter chokes should have as low a resistance 
as feasible, while still retaining the amount of 
inductance necessary for filtering. Radio 
transmitters commonly have large filter chokes 
with a DC resistance of less than 100 ohms. 
Chokes are usually placed in the positive 
leads. Since the negative lead of the power 
supply is generally grounded, the choke wind- 
ings are insulated from the core to withstand 
the full DC output voltage. 


Regulation in a power supply is the per- 
centage change in output voltage from full 
load to no load. When the regulation is good, 
the percentage of change of output voltage is 
low between loaded and unloaded conditions. 
Percent of regulation is expressed by the 
formula, 


100 (E1—E2) 
E2 


To illustrate, assume a no load condition (1) 
of 1500 volts and a full load condition (E2) of 
1300 volts. 


Percent regulation = 


100 (1500 — 1300) 
1300 
= 15.4 percent 


Percentage of regulation = 


Regulation requirements vary according to 
the particular part of the transmitter which is 
being supplied. For example, in the speech 
amplifier section, the load is constant and 
regulation is not a problem. In an oscillator 
or in the keyed stages of an RF section, though, 
where stability is essential, or in a class B 
modulator where the load is varying, the 
power supplied must be well regulated. It has 
been determined experimentally that the volt- 
age regulation of a power supply is dependent 
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to a great extent upon the inductance of the 
choke in the input filter circuit. The use of a 
choke input filter gives a regulation percent- 
age of 10 percent or even better. The choke 
raises the ratio of average to peak current and 
keeps the output voltage from rising above 
the average alternating voltage applied to the 
rectifier. This depends on the ability of the 
choke to store energy. The impedance of the 
choke must be high. 

The choke input filter system has a tendency 
to keep the output voltage constant at 0.9 of 
the rms voltage applied to the plate of the 
rectifier. (Average=Effective x 0.899). This 
regulatory effect depends in part on the 
amount of load current. That is, this regulation 
does not take place until the load current 
exceeds a certain value. If the load current is 
decreased below a certain minimum, the cur- 
rent flowing is so small that the effect of the 
choke is small. Consequently, for low currents, 
a high inductance is needed, so that filtering 
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will be effective. The minimum value of induc- 
tance which will prevent improper filtering at 
low current flow is called critical inductance. 


Thus, a swinging choke permits the use of a 
higher resistance bleeder because the high 
inductance of the choke at low current keeps 
filtering effective even at low current. If the 
only load is the bleeder, the minimum induc- 
tance is high; if the load current is high, 
critical inductance is lower. To satisfy the 
varying requirements, swinging chokes with 
inductance varying from 5 to 20 henries 
are used. 


Safety and Control Devices 


Every precaution possible must be taken 
to insure the safety of the operator and 
maintenance personnel against the high volt- 
ages of a transmitter in operation. 

A major precautionary device is the interlock 
switch, installed in high voltage lines. This 
switch automatically removes high voltages 


Thermostat Control 


when any access is made into the transmitter. 
It is a spring type switch which closes the 
circuit when the transmitter door is pressed 
shut and opens the circuit by spring pressure 
when the door is open. Thus, the switch makes 
it impossible to gain access to the transmitter 
wiring circuits with the high voltage on. Such 
a switch is shown .at the lower right in the 
typical transmitter control circuit on page 
120. 


Another precaution is the use of a relay 
system to turn on the high voltage. With such 
a system, the operator does not face the 
danger of having high voltage at the switch. 
Instead, his switch controls a low voltage DC 
circuit which operates a relay that turns on 
the high voltage. The typical transmitter con- 
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trol circuit on page 120 uses such a system. 
Notice there that low voltage from the dry 
disk rectifier circuit operates a set of contactor 
relays which closes the high voltage circuit. 


Precautions are necessary, too, to protect 
the equipment. For example, a mercury vapor 
rectifier tube must have its filaments raised 
to the correct operating temperature before 
plate voltage is applied. Also, in high power 
amplifiers, filament voltages must be ap- 
plied before plate voltages to make sure the 
filaments reach the proper emission tempera- 
ture before plate voltages are applied. Other- 
wise, the high plate voltages would damage 
the tubes. Safe grid bias in the amplifier stage 
must also be established and maintained, for 
high plate voltage without bias would cause 
excessive plate current and damage the tube. 


Ordinarily, a system of filament and high 
voltage switches is provided whereby each 
required voltage can be turned on in proper 
sequence. For example, the master high volt- 
age switch of the transmitter on page 120 is 
turned on only after proper time has elavsed 
for warming the filaments. Some transmitters 
have a more elaborate arrangement which 
operates automatically. In these transmitters, 
the steps of the operation — for example, the 
time to apply high voltage — are not depend- 
ent on the judgment of the operator. 


The automatic devices may be thermostat 
controlled. In the arrangement shown on 
the preceeding page, for example, current 
flowing through a resistor generates heat 
which operates the thermostat. Then the 
thermostat closes the primary circuit of the 
high voltage transformer. Often, fans are 
installed for cooling purposes, as shown. 


Some transmitters are provided with over- 
load relays to open the power supply circuits 
when excess current might be dangerous to 
equipment. In the illustration, Overload Relay, 
plate current flows through the relay winding. 
The relay is adjusted to open when a specified 
current is reached. Thus, excessive current 
opens the relay and protects the tube. 

To prevent excess plate current (for instance, 
if the grid bias should fail), a fuse may be 
installed in the plate circuit. When there is 
excess plate current, the fuse opens and pro- 
tects the tube. 


Transmitter Control System 
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Except in transmitters using a single power 
supply, a minimum safety control circuit 
would include the following: a filament switch 
to control all filaments in the power supplies 
as well as the filaments of tubes in the trans- 
mitter stages, switches to control each plate 
voltage supply separately, and one switch to 
control all plate supply voltages simultan- 
eously. This last switch in commonly called a 
standby, for it provides a quick method of 
removing power from the transmitter while 
signals are being received on the associated 
receiver. It also permits immediate resumption 
of transmission when reception is completed. 
All these switches are arranged so that the 
plate voltage cannot be applied before the 
filament and bias voltages. 


To see a full control system, including line 
fuses, indicator lamps, and automatic protec- 
tive devices, examine the transmitter control 
system shown. A, at the top of the drawing, 
is the line plug. B represents a utility outlet, 
not affected by subsequent switching. The 
input circuit is fused by C. Indicator lamp D 
will light when C is open. 


E and F are filament switches connected in 
parallel that energize filament transformer G 
and supply voltage to the remainder of the 
circuit as required. Indictor H, across the 
secondary, lights when the filaments have 
been turned on. Ganged switch [1, I2, 13 is the 
PHONE-CW switch. When it is in PHONE 
position, I1 closes the AF filament transformer 
primary, I2 removes the short from the 
modulation transformer secondary, and [3 
completes the circuit to the primary of the 
modulator high voltage transformer. Voltage 
is applied to all filaments of the audio section 
through filament transformer K. At the same 
time, phone indicator lamp L lights. If the 
switch isin CW position, the filament primaries 
of the AF section are open and indicator lamp 
M lights. [2 short circuits the secondary of 
the modulation transformer to prevent spur- 
ious oscillations in the modulation circuit on 
CW position. 

Meter M is a line voltage indicator. N is a 
safety interlock switch in the circuit of the 
bias supply transformer. Delay relay P 
operates only after the bias supply is fully 
heated and delivering full output voltage. 
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Operation of the relay shorts the bias indica- 
tor lamp Q, indicating that the plate supply 
relay R is ready for operation. The time re- 
quired for the operation of the delay relay P 
permits the bias supply to warm up enough 
so that it is safe to apply plate voltage to 
the RF and AF tubes. 


With relay P closed, plate supply relay R 
can be energized with the transmit-receive 
switch S (or T, an extension of the switch 
for remote operation). Relay R turns on all 
plate voltages, and lights the high voltage 
indicator U. The transmitter is now ready for 
operation. 


Indicator lamp V lights whenever the inter- 
lock switch is open. The interlock opens when- 
ever the top or back of the transmitter has 
been removed, or has not been replaced 
securely. Whenever the interlock is open, all 
high voltages are removed from the trans- 
mitter, for the indicator lamp has enough 
resistance to prevent the bias power supply 
from operating. 


W is an overload circuit breaker. Whenever 
the plate current to the final amplifier goes 
too high, exceeding the critical value for 
which the circuit breaker has been set, the 
circuit breaker operates. It opens the plate 
supply relay circuit and causes all high voltage 
stages to become inoperative. X, Y, and Z 
are fuse indicator lamps. They light whenever 
excess current opens the fuses associated with 
them. 


The lo-hi switch in the primary of the final 
HV transformer makes it possible to change 
from high to low power for tuning and testing 
purposes. For standby operation, only switch 
S (and/or T) has to be operated. 


Power Supplies and Control Systems 


Examine the schematic diagram of a typical 
transmitter power supply and control system. 
It consists of a 12-volt copper oxide bridge 
type supply, a positive 500-volt low voltage 
supply, a negative 500-volt bias supply, and 
high voltage circuits supplying 2,000 and 
4,000 volts. 

The transformer supplying the copper oxide 


rectifier circuit in section A reduces the 220 
volts applied to the primary to approximately 


25 volts. A 14-volt tap on the secondary is 
used by the rectifier. Taps on the primary 
permit adjustment to meet line voltage 
variations. Transformer T2 operates into a 
full wave, bridge type, copper oxide rectifier 
D1. The negative terminal is grounded and 
the positive lead is brought to terminal 20 of 
plug P2. The output is filtered by capacitor 
C5. This supply furnishes 4 amperes at 12 
to 18 volts. 


The positive 500-volt supply, shown in A, 
consists of high vacuum rectifier tubes V2 and 
V3 with plates connected in parallel for full 
wave rectifier operation. Plate potential for 
these tubes is supplied by the two parallel- 
connected windings of transformer T'7. Fila- 
ment power is supplied by one winding of 
transformer T1. Rectifiers V2 and V3 operate 
into a choke input filter consisting of chokes 
L1 and L2, and capacitors C1 and C2. Bleeder 
resistor R1 is connected across the output of 
the filter. This supply is capable of delivering 
0.45 ampere at 500 volts. 


The negative 500-volt supply is used for 
bias purposes. It consists of one high vacuum 
twin diode, tube V1, lower right of A, used as 
a full wave rectifier. Plate potential for this 
tube is supplied by a third winding of trans- 
former T'7. Filament power is supplied by the 
other secondary winding of transformer T1. 
The positive side of this supply is grounded. A 
choke-input filter in the negative lead (ter- 
minal 10 of P2), consisting of chokes L3 and 
L4, and capacitors C3 and C4, filters the out- 
put. Bleeder resistor R2 is connected across 
the output of the filter. This supply is capable 
of delivering 0.225 ampere at 500 volts. 


The high voltage system, section B, con- 
sists of six mercury vapor tubes V4, V5, V6, 
V7, V8, and V9, and three filament trans- 
formers T3, T4, and T5, for tubes V4, V5, 
and V6. Tubes V7, V8, and V9 obtain their 
filament supply from a common filament 
transformer T6. The unit has two sections, 
one supplies 4,000 volts, and the other sup- 
plies 2,000 volts. 

The 4,000-volt supply circuit consists of 
a 3-phase, 220-volt transformer, T8, with 
primaries tapped to furnish DC output volt- 
ages of 2,000, 3,000, 3,500, and 4,000 volts. 
The transformer operates into a 3-phase, 
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full wave bridge type rectifier system con- 
sisting of the six mercury vapor tubes, V4 
to V9. The filter network, bottom center of 
B, consists of choke L6, capacitor C7 and 
bleeder resistors R7 and R88. It filters the 
4,000-volt output. This filtered output is 
brought to the + 4000-volt filament terminal. 
In addition, a connection is made ahead of 
the filter and brought to the terminal marked 
4,000 volt unfil.”” This supply is capable 
of delivering 3 amperes at 4,000 volts. 


The 2,000-volt supply is obtained by tap- 
ping the common point of the secondary of 
the 3-phase, high voltage transformer, T'8. 
This means that the three tubes V4, V5, and 
V6 function as a 3-phase, half-wave rectifier 
with respect to the 2,000-volt output ter- 
minals. At the same time, these tubes serve 
as a part of the 6-tube bridge rectifier system 
with respect to the 4,000-volt output termi- 
nals. The single section choke input filter 
circuit L5 and C6 filters the 2,000-volt DC 
output. Bleeder resistor R3 is connected 
across the output of the 2,000-volt filter: 
circuit. This supply is capable of delivering 
0.5 ampere at 2,000 volts when the high volt- 
age power transformer taps are set at 4,000 
volts. When the taps are lowered the output 
is iowered proportionately. 


The power and interlock relay system is 
shown in both B and C. Pressing the start 
button (S9), lower center B, connects 220 
volts to the start-stop relay. This relay then 
closes and remains closed because its holding 
contacts are in parallel with the start button 
and in series with the stop button (S9). 
To make relay S1 close, start-stop terminals 
1 and 3 must be shorted or connected to a 
remote start-stop switch. Pressing the stop 
button opens relay S1. When relay S1 closes, 
it connects 220 volts AC to time delay relay 
S2, to filament transformers T1, T3, T4, 
T5 and T6, and to blower motor M1. Time 
delay relay S2 closes in about 30 seconds and 
connects power to the low voltage plate supply 
transformer T'7 and to the contacts of inter- 
lock relay S3. When all interlock switches 
in all of the associated transmitters and modu- 
lators are closed and when the push on switch 
on the control panel is closed, interlock relay 
S3 closes. In turn, it closes the high voltage 
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primary contactor relay S4. This energizes 
high voltage plate transformer T8. The con- 
tacts of the overload relays, one in the trans- 
mitter and one in the modulator (not shown 
here), are also connected in series with the 
interlock circuit. Thus, the operation of either 
of these overload relays opens high voltage 
primary contactor relay S4. 

The high voltage switching unit, section C, 
consists of 5 circuit control relays, S1 to S65, 
and 10 high voltage switching relays, S6 to 
S15. The control relays operate the high volt- 
age switching relays which in turn connect 
+4,000 volts unfiltered or +4,000 volts modu- 
lated from the rectifier to the final amplifier of 
a transmitter. With the control relay coils de- 
energized, a voltage of 12 volts is applied to 
the coils of high voltage switching relays 
S6 to S10. This leaves 4,000 volts unfiltered 
normally connected to standoff insulators 1, 
2, 3, 4, and 5, bottom of C. When a signal 
from the transmitter modulator selector sys- 


128 


tem (line 16 of P1) operates control relay S1, 
high voltage switching relay S6 opens and 
S11 closes. This switches standoff insulator 1 
from +4,000 volts unfiltered to +4,000 volts 
modulated. When any control relay coil Sl 
to S5 is energized, contact AB shown in dia- 
gram, Main Terminal Board, opens, thus 
opening the keying line from the remote con- 
trol console to the transmitter. This action 
assures that the transmitter carrier is off, even 
if the press-to-talk switch or the key at the re- 
mote control station is inadvertently closed. 
Contact ED now opens. This opens the corre- 
sponding relay S6 to S10 and disconnects the 
+4,000 volts unfiltered from the standoff in- 
sulator. Relay S1 controls relays S6 and S11; 
relay S2 controls relays S7 and S12; and so on. 
Next, contact EF closes, energizing corre- 
sponding relay S11 to S15 and connecting 
+4000 volts modulated to the standoff insu- 
lator. Finally contact BC closes, thereby re- 
turning control of the carrier to the press-to- 
talk switch at the remote control station. 


Dynamotor Circuit 


When the modulated channel is released, the 
circuit to the particular relay coil involved, 
Sl to S5, is opened, and the relaying se- 
quence repeats in the inverse order, leaving 
+4,000 volts unfiltered connected to the 
standoff insulator. 

In some communications equipment, es- 
pecially airborne types, the only source of 
power is some low direct voltage device such 
as a battery. Here a device called a dyna- 
motor is used to convert the low DC voltage 
to high DC voltage. A dynamotor is essentially 
a combination of a motor and generator wound 
on a common armature. A single magnetic 
field, produced by a single winding, suffices 
for both the generator and motor. The arma- 
ture core is common to both, but it contains 
two windings connected to two separate com- 
mutators. One serves to produce the driving 
torque of the motor when energized by the DC 
source. The other generates a high direct 
voltage when rotated within the magnetic 
field. 

Study the functional characteristics of a 
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dynamotor as shown in the schematic dia- 
gram. The battery current flows through the 
field coils and the motor winding of the arma- 
ture, setting up a magnetic field around both. 
These magnetic fields oppose each other and 
thus produce the torque which rotates the 
armature. In the dynamotor shown, the arma- 
ture and field windings are in parallel; this 
is called a shunt-wound motor. With this 
type of winding, the speed of the motor is 
fairly constant with changes in load placed 
upon it by the generator. The high-voltage 
winding on the armature rotates with the 
motor winding and therefore cuts the lines of 
force of the common field, thereby generating 
a voltage which is collected at the brushes of 
the high voltage commutator. The greater 
the number of turns in the high voltage wind- 
ing, the greater the voltage output. 

Sparking between the brushes and commu- 
tator segments produces high frequency cur- 
rents in the high voltage leads. These high 
frequency currents must be filtered out so that 
they will not produce interference in the radio 


Typical Dynamotor 


equipment powered by the dynamotor. Exam- 
ine the typical dynamotor power supply 
with filter components consisting of chokes 
and capacitors, as shown. The chokes pre- 
vent circulation of RF energy in the external 
wiring. The capacitors bypass this energy 
to ground. The input filter circuit reduces com- 
mutator ripple. These filter circuits operate on 
the same principle as those studied in connec- 
tion with power supplies. 

The typical dynamotor unit shown in the 
photograph is one used in communications 
equipment. This particular dynamotor has an 
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armature with dual windings and two com- 
mutators which give output voltages of 
400 and 750 volts DC. A barometric switch 
incorporated in the dynamotor unit chassis 
connects the two dynamotor units in series 
at altitudes below 20,000 to 25,000 feet. At 
higher altitudes, the 400-volt winding is 
separated from the 750-volt winding, and the 
negative side of the 750-volt winding is 
grounded. This arrangement provides either 
1,150 or 750 volts for high voltage supply 
circuits. The voltage is automatically re- 
duced at high altitudes to prevent arcing. 


There are several ways in which the RF 
output of a transmitter can be made to 
carry intelligence. One of these ways, keying, 
has already been discussed in chapter 3. Now 
consider the others. 


The output of a radio transmitter has both 
frequency and amplitude. Either one of these 
can be varied (modulated) by applying 
audio frequencies to various RF circuits in 
the transmitter and thereby changing the 
transmitter output in accordance with voice 
or music frequencies. When the amplitude 
of the RF output is made to vary, the trans- 
mitter is amplitude modulated. On the other 
hand, when the frequency of the transmitter 
output is made to vary, the transmitter is 
frequency modulated. Both of these types of 
modulation are used in conjunction with 
communications transmitters. Each has its 
advantages and disadvantages. The methods 
of modulation discussed in this chapter in- 
clude amplitude modulation, single sideband 
transmission, and frequency modulation. 


PRINCIPLES OF AMPLITUDE MODULATION 


The illustrated amplitude modulation wave- 
forms, similar to those that can be viewed on 
the screen of a cathode ray oscilloscope, 
provide a picture of the amplitude modula- 
tion process. The waveform in A represents 
the unmodulated voltage output of a trans- 
mitter — an RF carrier wave of steady ampli- 
tude. The frequency of the carrier is deter- 
mined by the circuits of the transmitter — in 
other words, by the frequency of the oscillator 
and/or frequency multiplier stages. Its ampli- 
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tude and power are determined by the power 
amplifier stage. The peaks of the waveform, 
both positive and negative, represent maxi- 
mum amplitude and maximum power. The 
average power is, of course, less. 


The waveform in B represents an audio 
frequency sine wave used in modulating the 
carrier. It, too, has peak and average ampli- 
tude and power. 


The waveform at C represents the resultant 
when the carrier is modulated — that is, 
when the two waves are combined. The 
audio frequency wave, when it swings positive, 
increases the amplitude of the carrier by the 
amount indicated between KE, and E,,,,. 
When this modulating wave swings negative, 
its voltage subtracts from fhe carrier voltage 
(E.-Enin) ° 

Note that the increase and decrease of the 
carrier amplitude occur at the frequency of 
the modulating signal. The resulting modula- 
tion shape (area between dotted sine waves) 
is called the modulation envelope. The modu- 
lation envelope represents the intelligence 
transmitted by the carrier. Notice that the 
shape of each half of the modulation envelope 
corresponds to the shape of the audio sine 
wave. | 


The waveform at C is represented too 
simply to tell the whole modulation story. 
The wave shows two frequencies, the carrier 
frequency and the modulating frequency. 
But there are two other frequencies which 
should be represented in the waveform. 
Remember that the modulation process is a 
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heterodyning process. Heterodyning is the 
production of sum and difference frequencies 
by combining two or more different fre- 
quencies. The additional two frequencies which 
should be represented are the result of the 
heterodyning. They are called sidebands or 
sideband frequencies. 


One of the sidebands has a frequency that 
is higher than the carrier frequency by an 
amount equal to the modulating frequency. 
The other sideband has a frequency that is 
lower than the carrier frequency by an amount 
equal to the modulating frequency. For 
example, if the carrier frequency is 1000 kc 
and the modulating frequency is 1000 cps, 
the upper sideband is 1001 kc and the lower 
sideband is 999 kc. The presence of these 
sideband frequencies can be demonstrated. If 
a too highly selective receiver is tuned to the 
carrier frequency, the sidebands are not 
received. Consequently, no modulation is 
heard. This is why tuned circuits in a receiver 
must have a bandpass sufficiently wide to 
amplify the sidebands as well as the carrier 
frequency, as explained in the study of 
amplifiers. The bandpass of these tuned 
circuits in a communications receiver is 
approximately 6000 cps wide (3000 cps above 
and below the carrier). In a broadcast re- 
ceiver, the band width should pass all the 
sideband frequencies, from the highest to 
the lowest, equally well. Otherwise, fidelity 
will be reduced. 


The percentage of modulation depends on the 
relationship between the amplitude of the 
modulated wave and the amplitude of the 
unmodulated wave. It is most conveniently 
expressed by the formula, 


Emax—E 
Percentage of modulation = - FE 


Where E,,,, 18 the maximum amplitude of 
the modulated wave, E,,;, 1s the minimum 
amplitude of the modulated wave, and £, is 
the amplitude of the unmodulated wave. 
(See waveform C on page 132.) 


m™ x 100 


Thus, if the maximum amplitude of the 
modulated wave is 10 volts, the minimum 
amplitude of the modulated wave is 0 volts, 
and the amplitude of the unmodulated wave 
is 5 volts, then 
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x 100 


Percentage of modulation = 


= 100 percent 


A similar measurement of the degree of 
modulation is called the modulation factor. 
The modulation factor, m, can be found by 
the formula: 


2E, 
Substituting the above values, the modulation 


ij— 
factor is s — or 1. A modulation factor of 


1 corresponds with a modulation percentage 
of 100 percent. 


The greater the percentage of modulation, 
the greater is the amplitude of the sidebands 
and the greater is the distance coverage of 
the transmission. If the percentage of modula- 
tion is low, little power appears in the side- 
bands, and the distance coverage of the trans- 
mission is likewise small. On the other hand, 
if the percentage of modulation is high, there 
is more power in the sidebands, and the dis- 
tance coverage is greater. However, the 
percentage of modulation should not exceed 
100 percent. If it does, severe distortion of the 
intelligence carried by the wave will result. 


The formula for percentage of modulation 
just presented is only generally useful. There 
really should be two formulas since it is 
very difficult to design a circuit that will 
always produce the same degree of modulation 
on both the positive and the negative peaks 
of the audio modulating voltage. The fol- 
lowing formula gives the degree of modulation 
on the positive peaks. (The terms are the 
same as in waveform C on page 132.) 


Dine E, 
E. 
The expression for finding the degree of 
modulation on the negative peaks is. 
i= Emin 
E, 
Since the minimum amplitude of the modu- 
lated wave cannot be less than zero, the degree 
of modulation cannot exceed one, or unity, 


on the negative peaks. However, the degree 
of modulation can exceed unity on the posi- 


tive peaks. This condition is called over- 
modulation. It causes abnormal distortion 
of the carrier wave, creating sideband fre- 
quencies far enough above and below the 
carrier frequency to interfere with received 
signals from transmitters operating on adja- 
cent communications channels. 


METHODS OF AMPLITUDE MODULATION 


There are a number of ways in which the 
RF carrier can be amplitude modulated. 
The most common method is plate modula- 
tion of the final amplifier. This is called high 
level modulation because of the large amount 
of audio power required. Modulation voltage 
can also be applied to the grid, cathode, 
screen grid, or suppressor grid of the final 
stage or of a previous stage. These are classi- 
fied as low level modulation methods because 
they require little audio power. 


Plate Modulation 


A typical plate modulation circuit is shown 
in the illustration, Plate Modulation. This 
type of circuit is capable of producing 100 
percent modulation. This insures maximum 
distance coverage of the transmission, since 
100 percent modulation results in maximum 
distortionless power in the sidebands. To 
permit 100 percent modulation, the amplitude 
of the audio voltage developed across the 
secondary of the modulation transformer T3 
on positive peaks must reach the value of the 
B+ voltage. On the negative modulation 
peaks, therefore, the audio voltage across the 
secondary will also equal the B+ voltage. 
Since it will be subtracting from the B+ 
voltage at that time, the plate voltage of the 
RF amplifier will fall to zero. 


For 100 percent modulation of the RF 
carrier, the modulators must be able to sup- 
ply half as much power as the RF amplifier. 
For example, if the unmodulated power out- 
put of the RF amplifier is 100 watts, the peak 
modulator power output must be 50 watts. 
During 100 percent modulation, then, the 
total power output of this transmitter would 
be 150 watts. This is assuming 100 percent 
efficiency. Actually, plate efficiency would be 
about 67 percent, and the actual power out- 


put would be much less than 150 watts. 
Considering an output of 150 watts, though, 
100 watts would appear as carrier power and 
50 watts would be divided between the two 
sidebands. Since the plate voltage of the RF 
amplifier is doubled during 100 percent modu- 
lation, the plate current doubles and the peak 
power output from the transmitter becomes 
four times the unmodulated peak power (under 
ideal conditions and with pure sine wave mod- 
ulation). 


The average modulated power is, of course, 
higher than the average unmodulated power. 
Since power varies as the square of the current, 
the amount of current is a reflection of the 
amount of power. Thus, during 100 percent 
modulation, the antenna current increases 
22.5 percent. 


You can verify this by calculating the 
antenna current in the example just discussed. 
Assuming that the resistance of the antenna 
circuit is 50 ohms, the antenna current during 
unmodulated conditions with a 100-watt out- 
put can be found as follows: 


P=PR 


I= V2=1 .414 amperes 


With an output of 150 watts due to 100 
percent modulation, the new value of antenna 
current, determined by the same formula, 
would be, 


|= VW3= 1.732 amperes 


This represents an increase of 0.318 ampere. 
Percentage increase is_ therefore, 


0.318 
7 414 © 100 = 22.5 percent 
Of course, with sine wave modulation, the 
modulating voltage reaches the same positive 
and negative peak voltage on every cycle. 
Adjustment for 100 percent modulation is, 
therefore, relatively easy. With voice mod- 
ulation, though, the peak voltages vary with 
voice intensity. Adjustment is then more 
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difficult. Usually adjustment aims at an 
average of peak voltages that will provide a 
satisfactory reproduction of sound. 


MODULATION TRANSFORMER. For maximum 
efficiency, the modulation transformer used 
in plate modulation must match the impedance 
of the modulator tubes to the impedance of 
the RF amplifier. 


To find the turns ratio of this transformer, 
therefore, the ratio of these two impedances 
must be calculated. The plate resistance of 
the RF amplifier can be calculated from the 
rated plate voltage and the plate current. The 
plate-to-plate impedance of the modulator 
tubes is given in the tube manual. The turns 
ratio from primary to secondary can be cal- 
culated by finding the square root of the 
impedance ratio. 


Thus, if the plate resistance of the RF 
amplifier is 8000 ohms, and the plate-to-plate 
resistance of the modulator tubes is 12,000 
ohms, the turns ratio can be found as follows: 


Turns ratio = | 8000 
\/72000 


= V0.75 
= 0.866 


The winding with the greatest impedance 
always has the greatest number of turns. 
Therefore, the turns ratio in this case is a 
stepdown ratio of 1 to 0.866, from primary to 
secondary. 


Another requirement for this transformer is 
that it have a high enough current rating. 
Its primary winding must be of large enough 
wire to carry the plate current of the mod- 
_ulator tubes, and its secondary winding must 

be able to carry the plate current of the RF 
amplifier. 


RF GRIpD ciRcUIT. The RF power amplifier, 
V1 of the plate modulation schematic on 
page 135, operates with grid leak bias. The RF 
choke in the grid circuit increases the over-all 
impedance between grid and ground so that 
the amplitude of the driving voltage is in- 
creased without increasing the size of the bias 
resistor. The bias voltage is the average DC 
voltage developed across the bias resistor, R1. 
The RF variations in current, due to the dis- 
charge of C1 on negative grid voltage swings, 
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are absorbed by C2 so that the bias voltage 
remains constant. 


The grid milliammeter registers the average 
grid current. Since RF pulses cannot be 
measured by a DC meter, this meter is by- 
passed by C9 to prevent RF from damaging 
its windings. 

RF FILAMENT CIRCUIT. The RF amplifier 
tube is of the directly heated type. It is sup- 
plied with filament voltage from filament 
transformer T2. The filament return circuit 
for the plate current is from ground through 
two paths. The DC component flows through 
the two halves of the centertapped secondary 
of the filament transformer while the RF 
component is absorbed in the charge and 
discharge of capacitors C3 and C4. 


RF PLATE cIRcUIT. The plate circuit is 
tuned by C6 and LI to the grid driving 
frequency. The coil is centertapped so that a 
voltage that is 180° out of phase with the RF 
plate voltage can be applied back to the grid 
through neutralizing capacitor C, to prevent 
undesirable oscillations. The RF variations in 
plate current from V1 are prevented from 
passing through the modulation transformer 
by the filter circuit made up of RFC2 and C5. 
The milliammeter connected in series in the 
plate circuit of the RF amplifier indicates the 
average current flow. 


Mopu.LatTors. The modulators are operated 
class B for maximum efficiency with minimum 
distortion of the audio voltage. Fixed bias is 
applied through the centertap of transformer 
T4. The centertap of filament transformer T1 
is grounded to form a return path for the 
cathode current. The average modulator plate 
current is indicated by the bypassed meter 
in the B+ lead. : 


MODULATION SECTION. The speech amplifier, 
drivers, and modulators make up the mod- 
ulation section of a plate modulated transmitter. 

Tube V6 is the speech amplifier and tubes 
V4 and V5 are the drivers. The input to the 
speech amplifier is developed by the single 
button carbon microphone. The low voltage 
supplied to the microphone must not be too 
high. Otherwise, the average microphone cur- 
rent will tend to make the carbon granules in 
the microphone pack. Excessive microphone 
current also causes noise. 


The voltage supply is bypassed by Cl so 
that no AF voltage is dissipated by the voltage 
source. The microphone transformer Tl has a 
primary impedance of about 100 ohms and a 
secondary impedance of 120,000 ohms to give 
a relatively large voltage gain. The secondary 
of the microphone transformer is shunted by 
the input level control (potentiometer) R3. 
This control is normally adjusted for 100 
percent modulation on signal peaks as observed 
on the screen of an oscilloscope. 

The speech amplifier, V6, is operated class 
A to minimize audio distortion. Cathode bias 
is supplied by Rl and C2. The AF plate voltage 
is transformer-coupled to the grids of the push- 
pull drivers. This transformer (T2) is called 
an interstage transformer. The _ primary-to-. 
secondary turns ratio of this transformer de 
pends on the amount of gain desired. Th 
turns ratio is usually from 1:1 to 1:3. The 
secondary of this interstage transformer is 
centertapped so that equal voltages can be 
applied to the two driver grids. Cathode bias 
is furnished by R2 and C3. The plate voltage 
to the drivers is supplied through the center- 
tapped primary of transformer T3. 

Transformer T3 is commonly called the 
driver transformer. Such transformers usually 
have a stepdown turns ratio of about 5 to 1. 
Although this ratio reduces the effective 
secondary voltage, it lets a satisfactory amount 
of power be delivered to the modulator grid 
circuit without distorting the audio signal. 


Tone Oscillator 


The 801 tube used here is a typical tube used 
in a push-pull modulator circuit of a small 
transmitter. The grid driving power required 
for two of these tubes in push-pull is 3 watts. 
The output may range from 27 to 45 watts, 
depending on the plate voltage and bias. 


TONE OSCILLATOR. Some transmitters are 
provided with an audio oscillator (tone) cir- 
cuit. The output of this circuit can then be 
fed into the modulation section for A2 emis- 
sion (tone modulation of the carrier frequency. ) 

The frequency of the tone oscillator is 
usually between 400 and 1000 cps. It is 
determined, of course, by the frequency of the 
tank circuit. In the tone oscillator circuit 
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Tetrode Plate and Screen Modulation 


shown, notice that the tank circuit consists of 
the secondary of audio transformer T1 and 
capacitor C3. Feedback is coupled from plate 
to grid through the transformer. 


Bias may or may not be supplied to the 
oscillator. It depends on the plate voltage and 
on the amount of amplification required for 
100 percent modulation. In this particular 
circuit, grid leak bias is developed by the 
action of grid resistor Rl and capacitor Cl. 
The circuit is keyed by making and breaking 
the cathode circuit. 


The audio output is coupled to the follow- 
ing stage through capacitor C2. 


Plate and Screen Modulation 


Tetrode tubes can be modulated satisfactor- 
ily if the modulation voltage is applied to both 
plate and screen. Both elements affect the 
plate current in such a tube, but plate current 
is nearly independent of plate voltage. Plate 
current depends far more on the screen voltage. 
In fact, the plate current in a tetrode actually 
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varies with the screen voltage in about the 
same way that it does with plate voltage in 
a triode. In modulation of a class C amplifier, 
the plate current and voltage must vary 
directly with the modulation voltage; there- 
fore, in a power type screen grid tube, the 
screen voltage must be modulated as well as 
the plate voltage. Otherwise, the ratio of the 
percentage of modulation to audio power input 
will be low and the modulation system will be 
very inefficient. Of course, it is possible to 
modulate a tetrode by applying the modulation 
voltage to the screen alone. However, this 
does not result in as linear a modulation 
characteristic as when the plate and screen 
are both modulated. 


One method of plate and screen modulation 
is shown in the diagram. The resistor R pro- 
vides the necessary voltage drop for the 
screen voltage when carrier conditions are 
steady. C1 and C2 are small bypass capacitors 
to bypass RF but not AF around the screen 
dropping resistor R and secondary. 


Grid Modulation 


Grid Modulation 


Another method of amplitude modulation is 
grid bias modulation or grid modulation. This 
kind of modulation is illustrated by the grid 
modulation schematic diagram. This system 
requires very little audio modulating power as 
compared to the plate modulated system. The 
modulated amplifier is operated class C and 
the grid draws current on the positive peaks 
of grid signal voltage. The modulator circuit 
must supply enough power to the grid circuit 
to prevent distortion of the audio signal when 
grid current flows. With grid modulation, only 
2 watts of modulator output are necessary for 
100 percent modulation of a 100-watt carrier 
output. Compare this with the 50 watts re- 
quired in plate modulation, as shown on page 
135. This advantage is offset by the difficulty 
of preventing distortion of the modulation en- 
velope. This distortion, however, can be held 
to a minimum by careful regulation of the 
bias supply of the modulated RF amplifier 
and the plate supply of the preceding RF 
amplifier. Adjustment of grid bias is especially 
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important in preventing distortion. The fol- 
lowing procedure is recommended. With the 
load (antenna circuit) removed from the stage, 
tune the grid and plate circuits to resonance. 
Then, with the plate voltage removed, neu- 
tralize the modulated RF amplifier so that 
there is no self oscillation. Then apply a sine 
wave audio voltage to the modulator, and 
adjust the grid bias so that the power ampli- 
fier plate current does not “kick up”’ or “‘kick 
down” when the modulation is applied. The 
amplitude of the modulating voltage may 
have to be decreased if this adjustment 
cannot be made successfully. When the circuit 
has been so adjusted, the positive grid voltage 
peaks do not tend to cause plate saturation, 
and the negative peaks do not fall in the area 
of plate current cutoff. The modulation en- 
velope is then almost linear. 


Screen Grid Modulation 


Screen grid modulation can be used with 
tetrodes. The modulation is transformer cou- 
pled to the screen grid, the secondary being 


connected between the screen grid and B+. 
To get a fair degree of modulation with a 
minimum of distortion, the value of B+ volt- 
age supplied to the screen grid of the tube 
must be reduced so that it is from 1/2 to 1/3 
its normal value. The maximum obtainable 
percentage of modulation in this type of sys- 
tem is about 80 percent. The amount of dis- 
tortion generated is even greater than that 
developed in the grid bias modulation system. 
This system is, therefore, seldom used in 
modern communications transmitters. 


Suppressor Grid Modulation 


Suppressor grid modulation is similar to 
grid bias modulation. It is designed for a 
pentode type RF power amplifier. The mod- 
ulator may be similar to.that used for grid 
bias modulation, because very little audio 
power is required. The suppressor grid is 
biased by a regulated bias supply, connected 
in series with the secondary of the modulation 
transformer. If the suppressor grid is driven 
positive during modulation, the modulator 
must supply enough audio power to the 
modulated stage to prevent distortion due to 
suppressor grid current. With this type of 
circuit, very little distortion is developed as 
long as modulation is less than 90 percent. 


Class B Linear Amplifier 


Sometimes it is necessary or desirable to 
amplify the modulated RF signal. When this 
is done, the operating conditions of the power 
amplifier stage must be carefully established 
to prevent distortion of the modulated signal. 
The circuit most often used for this purpose 
is the class B linear amplifier circuit. The bias 
on the amplifier tube is adjusted to cutoff so 
that the plate current will flow for 180° of 
the input signal cycle. Then the flywheel 
effect of the tuned plate circuit produces a 
negative half cycle of output even though the 
tube is cut off during the negative swing of 
the grid voltage. 


To adjust the operating characteristics of 
this type of stage, a 100 percent modulated 
signal (sine wave) is applied. Then the bias 
is adjusted for class B operation and the 
plate voltage is adjusted for maximum power 
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output with a minimum of distortion. When 
the stage is fully adjusted, the peak power 
output of the modulated carrier should be 
four times the power output of the unmod- 
ulated carrier. 


Pulse Modulation 


In pulse modulated systems, the intelligence 
is conveyed by a series of modulated RF 
pulses rather than by a modulated continuous 
carrier frequency. Each of these pulses is 
composed of a number of cycles of RF energy. 
These pulses can be modulated in a number of 
ways. One of these ways is amplitude mod- 
ulation. The amplitudes of succeeding pulses 
are made to vary according to the audio 
modulating voltage by a variety of methods. 
Another way is the pulse width method. In 
this method, the width or time duration of 
succeeding pulses is made to vary with the 
modulating voltage. Another system of pulse 
modulation involves varying the distances 
between the pairs of pulses in accordance with 
the modulation voltage. The most common 
method of pulse modulation is the pulse 
position, or pulse time method. 


With the pulse position method, it is pos- 
sible to transmit a number of separate voice 
frequency channels over a single carrier. This 
system is called a multiplex. In the diagram 
of the output of a pulse position multiplex 
system, notice that there are 8 unmodulated 
RF pulses of equal amplitude. Each is 0.4 
microsecond (millionth of a second) in dur- 
ation, and each represents a different channel. 
In the unmodulated form shown, the pulses 
are separated by 10.533-microsecond intervals. 
Thus, in the unmodulated form, the pulses, 
in relation to the 2.0-microsecond pulse, called: 
the sync pulse, occur at regular intervals. 
The sync pulse is a synchronizing pulse for 
the channel pulses. Note that the sync pulse 
and the 8 channel pulses make up a 100- 
microsecond period called the sync period. 


Suppose now, you are talking into a micro- 
phone over channel 6. Only for 0.4 micro- 
second out of every 100 microseconds, 1/250 
of the time, does your voice get through. But 
a period of 100 microseconds doesn’t last very 
long, and one sync period follows after the 
other. While you are saying ‘‘Jack Robinson,” 
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Pulse Position Modulation 


a great number of sync periods go by — at least 
20,000. In other words, about 20,000 audio 
voltage samples are taken while you are say- 
ing these two words. These samples are of 
varying amplitudes depending upon the am- 
plitude of the audio voltage during each of 
these 0.4-microsecond intervals. When all of 
these pulses are received, detected, and filtered, 
they reproduce almost a perfect reproduction 
of your voice — so good that you can’t tell 
it from ordinary amplitude modulation. 


Each of these audio voltage samples affects 
the position of the channel pulse in the sync 
period during which it occurs. The pulse is 
shifted to the right or left, depending on the 
part of the modulation cycle being sampled 
(positive or negative), for it is the modulation 
voltage that causes the pulse to change 
position. Remember, of course, that each pulse 
is only 0.4 microsecond wide while the interval 
between pulses is 10.533 microseconds wide. 
Thus, each pulse has ample room in which to 
shift without interfering with the pulses on 
either side of it. Remember, too, that the 
position of the pulses with respect to each 
other is not important, as long as they do not 
interfere. What is important, is the position 
of the pulse with respect to the sync pulse 
during successive sync periods. 
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Incidentally, though position is used through- 
out this discussion, bear in mind that position 
really refers to position in time. Position is 
used here because the explanation is being 
made in terms of the waveshape illustration, 
and time is represented as space. In the same 
way, a width of 0.4 microsecond really stands 
for a duration of 0.4 microsecond. 


With this in mind you can now follow the 
illustration, Change in Pulse Position, to see 
how the pulse is affected by the modulating 
voltage. Note that the channel 6 pulse is 
being modulated by a 1000-cps sine wave. 
This means that each cycle of the modulating 
voltage has a duration of 1,000 microseconds. 
It also means that while one sine wave of 
modulation voltage is applied, 10 sync periods 
will pass, and the modulation voltage will be 
applied 10 times to the channel 6 pulse. The 
points A, B, C, D, E, and F represent time 
points during the positive half cycle of the 
modulating voltage. During this period, the 
modulating voltage causes the channel 6 pulse 
(shown by the broken line pulses) to move 
closer to the sync pulse (to the right, or later 
in time) and then back again. Time points 
G, H, I, J, and K mark the negative swing 
of the modulation voltage which moves the 
channel 6 pulse away from the sync pulse (to 


TIME BASE 


wi 
ru) 
< 
os 
oO 
> 


1000-CPS SINE WAVE 


CHANNEL 6 


PULSE 


r~ "7 


| | 
| | 
1 | 
| | 
a 


A-——B--—-C-, 


po7H=-— — G—-—— F —--— E-—— D-” 


\-1---—J---K 


Change in Pulse Position 


the left, or earlier in time) and back again. 


Looking at this illustration in greater detail, 
notice that at time A, the audio voltage is 
passing upwards through zero. Therefore, the 
pulse is in its normal unmodulated position. 
At time B, the audio voltage is going positive, 
and the channel pulse has shifted to the right, 
or later in time occurrence. At time C, the 
audio voltage is still more positive and the 
channel pulse has shifted still farther to the 
right, or even later in time occurrence. At time 
D, the audio voltage is decreasing from its 
maximum positive value and is back to the 
same position it had at time C. At time E, the 
audio voltage is even less positive, and the 
pulse has the same position that it had at 
time B. At time F, the pulse is back at its 
unmodulated position since the audio voltage 
is momentarily at zero. Notice that the same 
amount of shifting in position occurs during 
the negative half cycle, but the shift is 
opposite in direction. As you can see, then, 
the pulse position shifts in accordance with 
the sine wave variations in the modulation 
voltage. 


In this particular example, the time required 
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for one complete audio cycle is 1,000 micro- 
seconds. The sync period of the transmitter is 
only 100 microseconds; therefore, the mod- 
ulation equipment samples this audio sine 
wave 10 times. This sampling is frequent 
enough to trace out a fairly true reproduction 
of the signal voltage after the receiver has 
detected and filtered it. Fewer samplings 
would be taken for higher audio frequencies 
and more samplings would be taken for lower 
audio frequencies. However, as you know, 
voice frequencies fall within the range of 100 
to 10,000 cps, but intelligence can be satis- 
factorily conveyed with a range of 100 to 
2750 cps. 

The actual circuits for pulse modulation 
and the circuits for the associated multiplex 
transmitter and receiver cannot be covered in 
this manual. You should know, though, that 
while they are quite numerous and complex, 
they are made up of the same elements you 
have already studied — resistors, inductors, 
capacitors, tubes, and power supplies. It is 
possible, though, to discuss here the broad 
principles of pulse modulation in terms of the 
block diagrams of a typical multiplex trans- 
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Transmitting Multiplex 


mitter and receiver, and in terms of the The heart of the whole multiplex system is 
associated waveforms. the oscillator in the upper left hand corner. 
TRANSMITTING MULTIPLEX. The waveforms Note that its frequency is 90 ke and that its 


output is represented by a series of 9 sine 
waves. Actually the oscillator output is con- 
tinuous, but only 9 cycles are covered here, 
for 9 cycles make up a unit that is utilized in 
later stages. Note that nine cycles of a 90- 
ke signal occur in 100 microseconds, which is 


shown at the various points in the block 
diagram represent a step-by-step illustration 
of the process by which the waveform of the 
pulse position diagram on page 142 was 
produced. Note that the block diagram ex- 


Sa ae Ree BE See A Nee one sync period. These 9 cycles are fashioned 


channel 1 a _— — 6. into a sync period by the various stages of 
The transmitting multiplex block diagram the multiplex. 


is presented in two parts: one is the common The output of the 90-kc oscillator is fed to 
unit (upper), and the other is the channel the pulse oscillator where the sine waves are 
unit for channel 1 (lower). (Of course, there changed to a series of peaked pulses at the 
are eight such channel units, and since each is same frequency. Hence, the output of the 
identical, one will serve to illustrate the func- pulse oscillator is now represented by a series 
tions of all.) of 9 pulses. 
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The pulse oscillator output is fed to the step 
charge stage where it is effectively divided 
into units of nine cycles. Each unit is a sync 
interval of 100 microseconds. Note that the 
output of the step charge stage builds up in a 
series of eight steps and then discharges on 
the ninth step. The discharge, of course, 
tends to emphasize the ninth step. 


This stepped output now goes in two direc- 
tions. One is through the step output stage, 
and then, (follow the arrow above the top 
of the block) to channel unit 1, and to the 
other seven channel units. Its second path 
is to the tripper which passes it on to the 
tripping oscillator. Here the breakoff at the 
ninth step of the wave form sets the tripper 
to oscillating. Note that no step except the 
ninth causes tripper oscillation. Therefore, 
at this point, the ninth step is effectively 
separated from the others. Part of this oscilla- 
tion output is fed back to the discharge tube 
to discharge the step charge stage and cut off 
the waveform at the ninth step. 


The rest of the output of the tripper goes 
to the sync pulse generator where the oscilla- 
tions are converted to a positive pulse of 
2.0 microseconds duration — the sync pulse. 


This positive pulse goes to the sync pulse 
injector stage where it is inverted and its 
amplitude is limited. 


This inverted pulse (waveform not shown) 
is fed to the pulse output stage. Here, it is 
again inverted (see output waveform) and 
combined with the eight channel pulses 
brought over from the pulse shaper stage. 


To see how these eight channel pulses reach 
the pulse output stage, go back to that part 
of the stepped waveform which was fed to 
the various channel units (the arrow above 
the top of the common unit block). The 
stepped waveform goes to channel selector 
V1(A). Here the step nature of the wave- 
form is very important, for the circuit of each 
channel selector is adjusted to react to a differ- 
ent step of the waveform. ‘The channel selector 
produces in its output, a negative pip of 
voltage which corresponds in time to that 
particular step — in this case the ninth step. 
Note that these negative pips, in terms of the 
90-ke signal, occur nine cycles apart. That is, 
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the interval between them is a period equal 
to the 100 microseconds or the sync period. 
Because of the waveform, the negative pips 
formed in the various channel selector stages 
are in sequence, each pip in each stage at a 
different time. Thus, the position for the pip 
of channel 1 is closest to the position of the 
preceding sync pulse. The pip of channel 2 
is one step farther from the sync pulse, etc. 
The pip of channel 8 is farthest from the 
previous sync pulse. These pips are the foun- 
dations on which the various channel pulses 
are built. 


Now follow this process through the channel 
1 unit. The sawtooth generator is triggered 
by the negative pip from the channel selector 
stage and produces the characteristic saw- 
tooth voltage wave. The duration of the saw- 
tooth wave is 0.4 microseconds, the time dura- 
tion required for a channel pulse. 


The sawtooth wave sets the pulse genera- 
tor to oscillating for 0.4 microseconds, produc- 
ing a pulse of voltage. But this stage is also 
responsive to the audio modulating voltage, 
introduced from the modulator. The sawtooth 
voltage determines how long the pulse gener- 
ator will oscillate. The modulating voltage 
determines when it will oscillate. It changes 
the time at which it will oscillate in relation 
to the sync pulse. A pulse of 0.4 microsecond 
duration which, in response to modulation, 
varies its position in relation to the sync 
pulse, is, of course, just what is needed for 
the channel pulse. 


The pulse is then fed to the clipper ampli- 
fier where its output level is limited. Then it is 
fitted into its proper position in the sequence 
of similar pulses coming from the other seven 
channel units. The whole sequence goes to the 
pulse output stage (V9) where it is fitted in 
with the sync pulses. The output, then, is 
the characteristic pulse position outout wave- 
form. 


Before being applied to the transmitter 
proper, this output of the transmitting multi- 
plex is further limited, or clipped, and am- 
plified. Thus, since the sync pulses and eight 
channel pulses are limited to the same ampli- 
tude, this type of modulation produces noise- 
free output in the receiver. 
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Receiving Multiplex 


In the transmitter, the magnetron oscillator 
is operated (pulsed) by the action of the 
sync pulses and the channel pulses. The 
output frequency of the magnetron is in the 
UHF region, and the output power is sufh- 
cient to cover the line-of-sight range. The 
output of pulse-modulated transmitters is 
usually beamed to the receiving antenna by a 
highly directive transmitting antenna. 


RECEIVING MULTIPLEX. The pulse modu- 
lated transmission is received by a UHF 
receiver of the superheterodyne type. ‘This 
receiver consists of a number of intermediate 
frequency amplifiers following the mixer, a 
detector, several limiters and amplifiers, and 
a pulse output stage. The receiver amplifies 
the pulses and clips them to the same ampli- 
tude so that there will be no noise mixed with 
the intelligence in the eight voice frequency 
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channels. The receiver output is then applied 
to the receiving multiplex. This unit converts 
the eight channel pulses into voice frequency 
signals and separates the signals into eight 
individual voice frequency channels. The 
receiving multiplex, like the transmitting 
multiplex, is composed of a common unit 
and eight identical channel units. In the 
block diagram of the receiving multiplex, 
note that the channel unit illustrated is 
channel unit 1. 


The waveform presented to the receiving 
multiplex by the receiver is identical in shape 
with the waveform produced by the transmit- 
ting multiplex. To complete the process of 
communication, the various channel pulses 
must now be extracted from the waveform, 
switched into the proper channel unit, and 
demodulated. Obviously, another step-shaped 
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wave, such as the one used in the transmitting 
multiplex, is needed to accomplish the switch- 
ing. 


Part of the input waveform from the re- 
ceiver goes to the amplifier clipper where it 
is shaped and inverted before being fed to 
the sync separator. The rest of the input 
waveform goes to the channel selector stage 
of the various channel units. 


The sync separator picks out the leading 
edge of the sync pulse but does not react to 
the channel pulses. Thus, its output is a pulse 
corresponding to the sync pulse. This pulse 
is fed to the discharge pulse generator. 


The output of the discharge pulse generator 
goes to two places — to the discharge tubes 
which are used to discharge the 90-kc limiter, 
the step generator, and the step output, and 
to the phasing trigger stage. 


The part that goes to the phasing trigger 
stage is delayed there for approximately 10 
microseconds before being fed to the 90-kc 
exciter. It starts the exciter to oscillating at 
a frequency of 90 kc. 


Note now that both the discharge voltage 
and the trigger voltage were set up by the 
action of the sync pulse. Note also that be- 
cause the 10-microsecond delay is applied 
to the triggering voltage but not to the dis- 
charge voltage, the discharge voltage is now 
ahead. The discharge voltage discharges V6 
(A), V7, and V9. Then, 10 microseconds later, 
the triggering voltage puts them back into 
action. They operate for 90 microseconds, until 
the next discharge voltage discharges them. 
This means that the 90-kce sine wave output 
is divided into units of 90 microseconds. This 
amounts to eight cycles and the cutoff, as 
shown in the waveform in the output of the 
90-kc limiter. This waveform is applied to 
the step generator and step output where it 
is turned into the step waveform necessary 
for operating the channel selector stage in 
the channel units. 


Each channel selector stage is set to operate 
on a different step of the step voltage. It 
forms a negative pip of voltage which marks 
the beginning of the corresponding channel 
pulse. Thus, the negative pip formed in 
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channel selector 1 marks the beginning of 
channel pulse 1. 


At the same time that the negative pip is 
being formed and passed on to the trigger 
tube, the input waveform from the receiver 
is being fed to the gate tube, where it is in- 
verted before being passed on to the trigger 
tube, a start-stop multivibrator. The nega- 
tive pip from the channel selector sets the 
multivibrator into action. The corresponding 
channel pulse stops the operation. How long 
the operation lasts depends on the instantan- 
eous position of the channel pulse. And you 
remember that the position of the channel 
pulse is determined by the modulating voltage. 
This means that the trigger tube puts out a 
negative pulse whose duration depends on 
the modulating voltage. 


This output pulse is applied to a low pass 
filter which attenuates the high frequency 
but which reacts to the differences in pulse 
duration. Thus it demodulates the carrier 
pulses. 


This output of the low pass filter — the 
intelligence — is then applied to the audio 
output stage where it is amplified before 
application to the terminal unit. 


In very general terms, that is what takes 
place in pulse-position modulation. You should 
be familiar with the process in general, for 
this type of modulation is of growing impor- 
tance in communications. The complexity of 
the system is more than compensated for by 
its advantages — multiple channel operation 
through one transmitter, with almost com- 
pletely noise-free audio output. 


SINGLE SIDEBAND TRANSMISSION 


You will remember that an amplitude- 
modulated signal consists of the carrier and 
the sidebands. There are two for each modu- 
lating frequency, one above and one below 
the carrier. Since the same intelligence is 
present in both the upper and the lower side- 
bands, there would be an advantage in elimin- 
ating one sideband before transmission. With 
one sideband eliminated, the carrier would 
still carry the necessary intelligence but would 
require an AM channel only half as wide. 
Thus, it would be possible to allocate more 
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communications channels within a_ given 
range of radio frequencies. 


This can be done. One sideband can be elim- 
inated. In fact, not only the sideband but 
also the carrier can be eliminated. 


Transmission with a sideband eliminated 
is called single sideband transmission (SSB). 
It is accomplished by filters made resonant 
to the frequencies of the sideband to be sup- 
pressed, and placed in the circuit in such a 
way that the unwanted frequencies cannot 
pass beyond the filter circuit. For example, 
if it is desired to transmit the carrier and the 
upper sidebands, the tuned filters are made 
resonant to the lower sidebands. 


A parallel resonant filter is used. Its Q 
depends on the band width of the frequencies 
to be eliminated, since the Q of such a circuit 
determines how sharply the circuit may be 
tuned. The filter in the schematic diagram 
of a simplified balanced modulator is an 
example. 


In this circuit, the carrier input is applied 
to the grids of both V1 and V2, in phase; 
that is, when the RF voltage is going posi- 
tive, both the grids are driven positive. The 
modulating voltage is applied to the two grids 


in the conventional push-pull manner with 
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the secondary of the audio transformer cen- 
tertapped for the bias voltage. 


Now consider the effect of the RF voltage 
on the stage. Since the carrier frequency 
causes both grids to be driven positive at 
the same time, the plate current of both V1 
and V2 increases at the same time. Conse- 
quently, the magnetic fields caused by the 
two equal plate currents are effectively can- 
celled in the output transformer which is 
centertapped to B+. On the negative swing 
of the RF voltage, the plate current of both 
tubes decreases at the same time. Again, the 
magnetic fields cancel. The carrier frequency, 
therefore, does not appear in the output. 


The effect of the modulating voltage is 
different. When the positive swing of the 
modulating voltage is applied, the grid of 
V1 is driven positive but the grid of V2 is 
driven negative. On the negative swing of the 
modulating voltage, the grid of V1 is driven 
negative but the grid of V2 is driven positive. 
Because of this push-pull arrangement, plate 
current flows on both the positive and nega- 
tive swing — first through one tube and then 
the other. There is no cancellation. 


When the audio and RF voltages are applied 
at the same time, first one tube conducts the 
most and then the other, depending upon 
which grid is driven positive by the audio 
voltage. The audio voltage acts as a varying 
bias. When the grid of V1 is positive, RF 
currents at the carrier frequency, the audio 
frequency, and the sum and difference fre- 
quencies, flow through V1. The carrier fre- 
quency currents are effectively cancelled by 
the carrier frequency currents from V2 in 
the common plate coil as explained before. 
The sum and difference frequencies cause 
induced voltages in the secondary of the 
plate circuit, and the audio frequency is so 
low that it has no effect on the plate coil. 
The unwanted sideband is attenuated by the 
filter circuit leaving only the desired side- 
band to be amplified. A similar action occurs 
when the grid of V2 is driven positive. 


When the carrier is suppressed and only 
the one sideband is received, the receiver 
must supply the carrier frequency before the 
intelligence in the signal can be recovered. 
Otherwise, there is no variation in the side- 
band that can be detected either by frequency 
or amplitude. To reproduce the original in- 
telligence with adequate fidelity, the supplied 
carrier should not vary more than about 10 
cps from the original carrier frequency at the 
transmitter. Such close matching of frequency 
is possible if a crystal-controlled oscillator is 
used to supply the substitute carrier in low 
frequency and medium frequency ranges. For 
HF and VHF single sideband transmission, 
it is usually necessary to transmit both the 
carrier and the single sideband. Another 
method is to transmit a suppressed carrier 
with the sideband as explained later. This 
suppressed carrier can be used in the receiver 
to control the frequency of an oscillator which 
will generate a substitute carrier. 


The transmission of the picture signals from 
a television transmitter is a common type of 
single sideband transmission. However, only 
a part of the lower and none of the upper 
sideband is eliminated because suppression of 
the whole lower sideband would cause phase 
distortion of some of the picture signals and 
reduce the quality of the received picture. 
Therefore, the complete upper sideband, 4.5 


148 


megacycles wide, is transmitted. A band of 
frequencies 1.25 mc wide below the picture 
carrier is also transmitted. Of this lower band, 
a portion 0.75 mc wide is unattenuated, and 
one portion (0.5 mc wide) is attenuated grad- 
ually. The rest of the lower sideband, 2.25 
mc wide, is completely attenuated. This type 
of single sideband transmission is called vesti- 
glial sideband transmission, in order to dis- 
tinguish it from complete single sideband 
transmission. 


PRINCIPLES OF FREQUENCY MODULATION 


Frequency modulation is accomplished by 
causing the frequency of the carrier to vary 
in accordance with the audio modulating 
voltage. With no modulation, the output 
frequency of the transmitter is called the 
resting frequency. When modulation is ap- 
plied, the frequency is made to deviate above 
and below this frequency. The rate at which 
this deviation occurs depends on the fre- 
quency of the audio modulating voltage. 
The amount of deviation above and below 
the resting frequency depends on the ampli- 
tude of the applied audio modulating voltage. 
The ratio of the amount of deviation from 
the resting frequency to the audio modulating 
frequency is called the modulation index. 
This index is important to the noise rejection 
characteristics of the FM receiver and to 
the number of sidebands generated during 
modulation. 


Unlike amplitude modulation, frequency 
modulation produces many sidebands. There 
is an upper and a lower sideband for each 
modulating frequency and each harmonic of 
each modulating frequency, up to about the 
tenth harmonic. The number depends on the 
modulating frequeney and the width of the 
FM channel. If the FM modulation index is 
over 5, sideband frequencies are generated 
which are the result of the harmonic fre- 
quencies as well as the normal modulating 
frequencies. In fact, in commercial FM broad- 
casting, so many sideband frequencies are 
generated that a band of frequencies 200 ke 
wide is assigned to each station. This means 
that audio frequencies up to 15,000 cycles per 
second can be transmitted. 


It can be shown mathematically that the 


amplitude of the carrier in an FM system 
varies according to the modulation index. It 
reaches almost zero when the modulation in- 
dex nears a value of 2.4, and periodically 
thereafter. The tenth time that the carrier 
approaches zero is when the modulation index 
is 30.64. Contrary to what might be expected, 
though, the amplitude of the sidebands does 
not decrease in proportion to distance from 
the carrier in the frequency spectrum. In 
fact, with a high value of modulation index, 
the amplitude of the sidebands is greatest 
near the upper and lower frequency limits of 
the channel. 


In respect to channel width, there are two 
types of frequency modulation. The type used 
by commercial broadcast companies is called 
wide band frequency modulation. You remem- 
ber that the wide band channel is 200 kc 
wide. Another system commonly used in 
communications work is called the narrow 
band system (NBFM). Its channel width is 
only 30 ke. Since voice communication re- 
quires a much narrower bandwidth than 
commercial transmissions, for reproducing 
music with high fidelity, the channel width 
need not be nearly as wide. And since the 
amount of noise is proportional to the har- 
monic content of the sidebands, the noise 
rejection qualities of narrow band reception 
are better than those of wide band reception. 


Basic Methods of Frequency Modulation 


To understand this basic method of fre- 
quency modulation, examine the capacitor 
microphone modulator diagram. The basic 
circuit is a Hartley oscillator. The carrier 
frequency (or resting frequency in the case of 
the FM signal) is determined by the induc- 
tance of L and the capacitance of variable 
tuning capacitor C. 


If the variable plates of C are turned back 
and forth by the control knob, the frequency 
of the oscillator is varied below and above its 
resting frequency. Likewise, if the plates of 
the simplified capacitor-microphone are made 
to move closer together and farther apart 
by sound waves, the total capacitance of the 
tuned circuit will be varied, and the frequency 
of the oscillator will be varied according to 
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the audio frequencies. The output from this 
circuit, coupled from the grid circuit by LI, 
will likewise vary in frequency while the 
amplitude of its output will remain constant. 
Thus, the circuit is capable of generating a 
true frequency-modulated signal. 


This type of frequency modulator has been 
used, but its practical applications are limit- 
ed; therefore, this simplified circuit need not 
be discussed further. The one point that is 
important, though, is that the amplitude of 
the impinging sound waves on the capacitor 
microphone govern the amount of deviation 
from the rest frequency and the frequency 
of the sound waves determines the rate at 
which the radio frequency is varied. 


Reactance Tube Modulator 


From your study of resistors, inductors, 
and capacitors, you know that they affect 
the voltage across them and the current 
through them in different ways. A resistor 
opposes the flow of current and affects only 
the ratio of current and voltage. That is, 
it has resistance only when voltage and current 
are present. Also, you recall that in a resistor 
the current and voltage are in phase. 


On the other hand, the opposition offered 
to the flow of AC by a capacitor depends on 
the frequency of the applied voltage. Its oppo- 
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sition — called capacitative reactance — in- 
creases with a decrease in frequency and 
decreases with an increase in frequency. The 
applied voltage across a capacitor lags the 
current by almost 90°. 


The opposition offered to the flow of current 
by an inductor is, in a sense, directly opposite 
to that of a capacitor. That is, its opposition 
— called inductive reactance — increases with 
an increase in frequency and decreases with a 
decrease in frequency. Also, the voltage leads 
the current by almost 90°. 


In each of the three components, then, 
there are relationships of voltage and current 
which are characteristic of that component. 
It is possible for these characteristics to be 
present (or, seem to be present) in a part of 
a circuit, even when the component is miss- 
ing. This means that, if any factor in a circuit 
appears resistive, capacitive, or inductive, 
when looking into some other part of a cir- 
cuit, it may be considered as functioning as a 
resistor, capacitor, or inductor, even though 
the physical component itself may not be 
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present. In effect, this is the actual function 
performed by a reactance tube modulator. 
It appears inductive or capacitive, depending 
on the way it is connected into the circuit. 


In the reactance tube modulator circuit, 
notice that the part to the right of C1-R1 is 
a simple Hartley oscillator. The operating 
frequency of this oscillator depends on the 
value of L and C in the tank circuit. An in- 
crease in L or C will cause the operating fre- 
quency of the oscillator to decrease; a decrease 
in either will cause the operating frequency 
of the oscillator to increase. At resonance, 
the capacitive current is equal to the induc- 
tive current. Since they are exactly opposite 
in phase — one leading and the other lagging 
— they cancel, and the circuit appears pure- 
ly resistive. 

If it were possible to add an amount of 
capacitive or inductive current to the amount 
flowing in either branch of the tank circuit, 
the addition would have the same effect as 
varying one of the tank components. Varying 
one of these components would add capacitive 


or inductive current and cause the oscillator 
frequency to change. Adding capacitive or 
inductive current from an outside source will 
cause the oscillator frequency to change in 
the same way. This is the effect of the re- 
actance tube. That is, it adds a reactive cur- 
rent, either capacitive or inductive, to the 
tank circuit of the oscillator and causes its 
operating frequency to shift. 


Notice the series circuit, C1-R1, in parallel 
with the oscillator tank circuit. You might 
think that this combination would seriously 
affect the Q of the oscillator tank circuit. 
However, if the reactance of the capacitor 
or the resistance of the resistor is large, cur- 
rent flow will be small and the effect of the 
combination on the Q of the circuit will be 
negligible. At resonance, the oscillator tank 
appears as a purely resistive circuit. If the 
resistance of R1 is as much as ten times the 
reactance of Cl, the circuit will, in effect, 
appear as a purely resistive series circuit. 
Therefore, the voltage e, appearing across 
the tank circuit and across R1-C1 will cause 
a current which seems purely resistive to 
flow through both circuits. 


You can see this relationship in the vector 
diagram at C, which shows e, in phase with 
igi, the current through series circuit R1-Cl. 
Remember, however, that this current also 
flows through Cl. When C1 is considered 
alone, the voltage across Cl (e.) lags the 
current through it by 90°. This is the voltage 
which is applied to the grid of the reactance 
tube. 


The current i, through the reactance tube 
is in phase with the voltage on its grid, e,. 
In this case, it is actually e. (the capacitor 
voltage). Now note in the vector diagram 
that this current i, lags the voltage e, by 
90°. Thus, the reactance tube, with its cur- 
rent lagging its voltage by 90°, is acting like 
an inductive circuit. Its reactance is acting 
like an inductive reactance. Since the plate 
circuit of this reactance tube is in parallel 
with the oscillator tank circuit, the plate 
current adds inductive current to the oscillator 
tank current because the voltage e, is across 
both the reactance tube and oscillator tank 
circuit. In effect, then, a variable inductance 
(the reactance tube) is placed in parallel 
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with the inductance of the tank circuit as 
illustrated at B. Since two inductances in 
parallel have less inductance than either 
alone, the inductance of the tank circuit is 
decreased, and the oscillator frequency is 
higher than it was without the reactance tube 
connected. It remains at this new frequency as 
long as the plate current i, of the reactance 
tube remains constant. If the voltage on the 
grid of the reactance tube is varied, then the 
plate current will vary and the frequency of 
the oscillator will shift accordingly. Such a 
varying grid voltage is supplied quite easily 
by the speech amplifier. 

The speech amplifier circuit is coupled to 
the grid of the reactance tube. If the applied 
audio signal is increasing in amplitude, the 
grid of the reactance tube will become more 
positive and plate current will increase. 
Therefore, the operating frequency of the os- 
cillator will increase. When the amplitude 
of the audio signal is decreasing, the reactance 
tube plate current will decrease and the fre- 
quency of the oscillator will decrease. Thus, 
as the amplitude of the audio signal varies, 
so does the frequency of the oscillator. The 
amount which the frequency increases above 
or decreases below its resting frequency will 
depend directly on the amplitude of the 
applied audio voltage. 


Automatic Frequency Control 


Since a variation in the grid voltage of a 
reactance tube can vary the frequency of an 
oscillator, as just shown, it is also possible 
to apply an automatically adjusting DC volt- 
age to a grid in order to keep frequency con- 
stant. This is called automatic frequency con- 
trol (AFC). Numerous circuits can be used 
for this purpose. However, before you can 
understand a circuit of this type, you must 
first understand the operation of an FM de- 
tector, called a discriminator. 


In the typical discriminator circuit of an 
FM receiver shown in A, tube V1 is an RF 
amplifier. Its output contains the frequency 
modulated carrier. The tuned plate circuit 
(L1-C1) is inductively coupled to a tuned 
secondary (L2-C2), connected to the plates 
of a twin diode. The voltage across the primary 
is also coupled to both diode plates capaci- 
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tively by C5. The resultant voltage applied 
to the two diodes determines the operation of 
the circuit. It can be covered by considering 
the three conditions illustrated by vector 
diagrams B, C, and D. 


In the first condition, the applied frequency 
is either not modulated or is passing through 
the resting frequency. The secondary is a 
series resonant circuit within itself. Therefore, 
the voltage induced into the secondary (E,,) 
and the secondary circulating current (I,) are 
in phase. (A resonant circuit is resistive in 
nature.) These two vectors are shown in 
phase in B. However, since L2 is an induc- 
tance, the reactive voltage across this induc- 
tance is 90° out of phase with the current 
through it. Also, since the voltage at the top 
of L2 is 180° out of phase with the voltage 
at the bottom, voltages El and E2 lag and 
lead the secondary current respectively. The 
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primary voltage (K,,) is 180° out of phase 
with the induced voltage and is applied to 
both diodes equally through C5. The resultant 
voltage applied to V2 is therefore the vector 
sum of El and E,, or Ey2. The resultant volt- 
age applied to V3 is the vector sum of E2 and 
E,, or Ey3. These two resultant voltages are 
equal in amplitude and therefore both diodes 
conduct the same amount. The resulting cur- 
rents through cathode resistors R2 and R3 
are equal but in opposite directions; there- 
fore, the voltages across them are equal but 
opposite in polarity. Their sum, measured 
between point A and ground, is zero. Thus, 
for the resting frequency, the voltage output 
across the cathode resistors is zero. 


In the second condition, the carrier fre- 
quency goes below the resting frequency. The 
primary voltage is still 180° out of phase 
with the induced voltage as shown in the 


vector diagram at C. But the secondary, 
tuned to the resting frequency, is no longer 
series resonant to the applied frequency. 


When the applied frequency is lower than the 
resonant frequency of the secondary, the 
capacitive reactance becomes greater than the 
inductive reactance and the circuit is capaci- 
tive. ‘This causes the secondary current to 
lead the induced voltage (I, as compared to 
E,,,). Reactive voltages E1 and E2 still have 
the same relationship to the secondary current, 
but E1 now leads E,, by more than 90° and 
Ki2 lags K,, by less than 90°. The voltage 
across the primary (E,) is still 180° out of 
phase with E;,,, and E,, still is applied, through 
C5, equally to the plates of both diodes. The 
resultant voltages Ey, (the vector sum of 
BK, and E,) and Ey; (the vector sum of 
Kk2 and E,) are not of equal amplitude. 
Now, V3 conducts more than V2. The voltage 
developed across R3 is therefore greater than 
the voltage across R2. The two no longer 
cancel, and the total voltage at point A, 
In respect to ground, is negative. Thus a 
deviation of the carrier frequency below 
the resting frequency brings about a nega- 
tive swing in the output voltage measured 
between point A and ground. 


In the third condition, the carrier frequency 
goes above the resting frequency. The sec- 
ondary becomes inductive and the secondary 
current lags the induced voltage, as shown in 
the vector diagram at D. The resultant volt- 
ages are then such that V2 conducts the most 
and the voltage across R2 becomes greater 
than the voltage across R3. The resultant 
voltage between point A and ground will 
then become positive. 


Thus, the voltage at point A follows the 
frequency variations of the carrier frequency 
— variations originally caused by the mod- 
ulating voltage. This means that the voltage 
at point A reproduces the modulating voltage 
and constitutes the detected intelligence. 


This same circuit, when used in connection 
with the modulating circuit of the transmitter, 
makes automatic frequency control possible. 
The transmitter oscillator frequency is intro- 
duced through V1. If this frequency is above 
its correct value (the resonant frequency of the 
discriminator circuit), the resulting DC volt- 
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age between point A and ground is positive. 
This positive voltage is applied to the grid 
of the reactance tube and causes the oscillator 
frequency to decrease to its proper value. 
When the oscillator is again operating at the 
proper frequency, the discriminator output 
voltage is zero, and therefore the reactance 
tube causes no further change in the oscillator 
frequency. A similar action occurs when the 
oscillator frequency tends to fall below the 
proper value. 


Capacitors C3 and C4 of the diode cathode 
circuit are so selected that they, with re- 
sistors R2 and R3, constitute filters. They 
absorb the RF changes and cause a smooth 
DC voltage to appear between point A and 
ground. 


Phase Modulation 


It was said before that an RF wave has 
amplitude and frequency, both of which 
could be varied to produce a modulated wave. 
In order to avoid confusing phase and fre- 
quency, phase of the wave was not mentioned 
at that time. However, there is a system of 
modulation that is called phase modulation, or 
indirect frequency modulation. A phase-mod- 
ulated wave can be received and detected by 
the same receiver that is designed to receive 
and detect an FM wave. The only difference in 
the two systems is in the manner in which the 
modulation is accomplished. 


When a phase-modulated transmitter is not 
being modulated or when the modulation 
voltage is passing through zero, the radio 
frequency can be represented by a rotating 
vector of constant amplitude, as shown in B 
of the phase modulation graph. The speed 
of rotation of the vector is constant, since the 
time of one cycle is the reciprocal of the 
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frequency (t =>): During positive modulation, 


as shown in the vector at A, the phase of the 
rotating vector is changed, but the average 
speed of rotation during the positive half of 
the audio modulating voltage is not changed. 
During negative modulation, the phase of the 
vector lags that of the unmodulated vector, 
but still the average speed of the vector re- 
mains the same during this negative half cycle 
of the modulating voltage. Since the speed 
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remained the same but relative position 
changed, it must mean that, during the time 
that the rotating vector reached the advanced 
position in A and the retarded position in C, 
the instantaneous frequency must have in- 
creased and decreased respectively. Thus, the 
frequency of a phase-modulated signal changes 
instantaneously when the modulating voltage 
changes amplitude, but the average frequency 
remains the same. 


The difference between phase modulation 
and frequency modulation can be clarified by 
the following example. Suppose that the pos- 
itive half of a square wave were modulating 
an FM transmitter. The square wave would 
raise the output frequency of the transmitter 
a number of kcs above the resting frequency. 
If the same square wave were modulating a 
phase-modulated transmitter, the output fre- 
quency of the transmitter would remain at 
the resting frequency. Only the phase of the 
RF signal would be changed. 


To see how phase modulation is achieved, 
study the diagram of a phase modulation 
system. The crystal oscillator circuit gen- 
erates the RF carrier. Some of the oscillator 
output is applied to the buffer amplifier (V2) 
and some is applied to the grids of the balanced 
modulators (V3 and V4). These grids are 
parallel-connected so that the grid voltages 
swing together. 


154 


The audio modulating voltage is applied to 
the screen grids in push-pull through an audio 
transformer which is centertapped to B+. 


The plates are also arranged in push-pull, 
with the two coils L1 and L2 centertapped 
to B+. Coils L1 and L2 form the primary of a 
transformer; the secondary is L3. 


The two plate tanks are series tuned to the 
frequency of the crystal oscillator. This means 
that at resonance, the tuned circuits will 
present to the carrier frequency a reactance 
that is purely resistive. To frequencies above 
the oscillator frequency, the tuned circuits 
will present inductive reactance. 'T’o frequencies 
below the oscillator frequency, the tuned 
circuits will present capacitive reactance. To 
frequencies far below the oscillator frequency 
— for instance, to frequencies in the range of 
the audio modulating voltage — the tuned 
circuits will present capacitive reactance so 
high that the audio frequencies will be by- 
passed through the resistors across the two 
tuned circuits. 

When the crystal oscillator frequency is 
applied to the parallel grids of the modulators, 
the grids will swing positive together and 
negative together. The resulting plate current 
will flow in both plate circuits at the same 
time. It will flow through L1 and L2 at the 
same time, but in each case it will flow to B+. 
Therefore, the flow through the two coils will 
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not be in the same direction, and the magnetic 
fields set up in the two coils will cancel each 
other. Thus the oscillator or carrier frequency 
will be cancelled with no effect on the fre- 
quency. 

When the audio frequency is applied to’ the 
push-pull screen grids, the screen grid voltage 
on one tube will be increasing while the screen 
grid voltage on the other tube will be decreas- 
ing. This means that the plate current due to 
the audio frequency will be increasing in first 
one tube and then the other. There will be no 
cancellation, but the capacitive reactance of 
the two plate tanks will be so high that none 
of this plate current will flow through either 
L1 or L2. Thus, the plate currents due to 
audio voltages will not induce a voltage 
across L3. 


The audio frequencies mixing with the 
crystal oscillator frequency in the balanced 
modulator will produce sideband frequencies 
equal to the sum of the crystal oscillator 
frequency and the audio frequencies, and 
equal to the difference between the crystal 
oscillator frequency and the audio frequencies. 
The plate currents representing these side- 
band frequencies will flow in one plate circuit 
and then the other. There will be no cancel- 
lation. Also, these sideband frequencies will 
be close enough to the resonant frequency of 
the two plate tanks for current to flow through 
L1 and L2 and induce voltages across L3. 


Because the sideband frequencies above the 
resonant frequency of the plate tanks meet an 
inductive reactance in the tank circuits, and 
the sideband frequencies below the resonant 
frequency of the plate tanks meet a capacitive 
reactance, there will be a phase shift for each 
sideband frequency. 
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The amount of shift will be in proportion 
to the amount of inductive or capacitive 
reactance encountered. The farther the side- 
band frequency is from the resonant frequency, 
the greater will be the amount of reactance 
encountered, and the greater will be the 
phase shift. 


The phase shift will be reflected in the volt- 
ages induced in L3. These voltages are applied 
through the sideband amplifier to the output 
circuit of the buffer amplifier. The output of 
the sideband amplifier is thus made up of 
voltages of fairly equal amplitude and varying 
phase. 


The output of the buffer amplifier is made 
up of voltages of constant amplitude and 
constant frequency. Because the buffer ampli- 
fier protects the crystal oscillator from being 
affected by the output of the sideband ampli- 
fier, the crystal oscillator frequency remains 
constant even when the output of the buffer 
amplifier and sideband amplifier are mixed. 
The carrier frequency thus remains constant. 


The amplitude of the sideband voltages 
would increase the amplitude of the carrier if — 
the phase shift of the sideband voltages should 
exceed 30°. With a phase shift of less than 
30°, though, both the frequency and the 
amplitude of the carrier remain constant, 
even when mixed with the sidebands. 


Thus, only the phase of the carrier is 
affected by the phase shift of the sideband 
voltages. These variations in the carrier can 
be detected by a receiver. They take the 
form of instantaneous changes in the carrier 
frequency which affect the phase of the carrier 
but not the average carrier frequency. 


TRANSMITTER CONTROL. 


The man with a walkie-talkie has a complete 
radio system under his immediate control. 
Every part of the system is within his reach. 
But most radio systems do not have such com- 
pactness. For various reasons, the parts of a 
radio system may be located in different places. 
Operation then depends on a control system 
utilizing control units and transmission lines. 
A control unit connected into a radio system 
by a transmission line permits remote opera- 
tion. The control unit duplicates the controls 
available at the equipment. Usually a control 
unit permits an operator to turn the equipment 
on and off, to select channels, to receive, and 
to transmit by voice or key. 


The use of control units permits the operator 
to be separated from his equipment. This is 
advantageous when radio equipment must be 
located in a position exposed to enemy fire, or, 
when transmitting equipment is located in a 
relatively inaccessible place, such as on a high 
hil. A VHF transmitter, providing line-of- 
sight transmission, might be so located. The 
operator can remain in a safer or more con- 
venient place. That an operator may be 
separated from his equipment is advantageous 
when he is stationed where there is no room 
for anything but a control unit. A fighter 
pilot in his cockpit would be one example. A 
radio operator in the crowded room of a 
communications center would be another 
example. 

The use of separate control units also per- 


mits operation of one set of radio equipment 
by several operators located in different places. 
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An air raid warning system would be an 
example of such operation. Observers, scat- 
tered strategically, could make their reports 
over a centrally located transmitter. Such con- 
trol systems usually provide a means of com- 
munication between operating — stations. 
When an operator is separated from the radio 
equipment, it is quite usual for maintenance 
personnel to be located at the equipment. Then 
a means of communication between operating 
and maintenance personnel is also provided in 
the control system. 


“lore and more, radio links are coming into 
use for control circuits between the signal 
center and the transmitter and receiver centers. 
The radio link has advantage over the wire 
link in that it is quick and easy to install and 
is less susceptible to bombing. However, it is 
less secure. 

In general, the wire connection between a 
transmitter and its antenna is kept as short as 


is practical, because this connection carries 


high RF voltage. The wire connection between 
the high voltage supply and the transmitter 
is also kept short. This means that the antenna, 
the transmitter unit, and the power supply 
unit are usually located together. The units 
that can operate with low voltage — speech 
amplifier and control units — are the units 
that are remotely connected. They may use 
wire links whose length may be measured fn 
many miles. 

This chapter is devoted to types of remote 
control wire lines, a typical transmitter remote 
control system, dial control systems, autotune 


systems, automatic tuning, and a general dis- 
cussion of frequency synthesis. 


REMOTE CONTROL WIRE LINES 


Remote control wire lines are often similar 
to or identical with telegraph or telephone 
lines. In fact, in more elaborate systems, 
ringing — and even dialing — is incorporated. 

As you have just seen, transmission lines 
carrying high voltage, such as lines between 
transmitter and antenna, or between power 
supply unit and transmitter, are advantag- 
eously kept short. This is due to power losses 
in the lines. Power losses are a problem in all 
lines. 


Transmission Losses 


There are four fundamental causes of trans- 
mission loss in wire links — resistance, capac- 
itance, inductive reactance, and line leakage. 


RESISTANCE. All conductors offer resistance 
to a flow of current. Some, because of their 
different composition, offer more than others. 
Since wire-line conductors are usually con- 
structed of highly conductive metals, the 
resistance of 1 or 2 feet of wire may be of no 
particular consequence. However, as the length 
of the line increases into miles, resistance be- 
comes important. The resistance of such a line 
is stated in terms of ohms per loop mile. A 
loop mile amounts to 2 miles: a mile out and a 
mile back. You can see how important resist- 
ance is in a long transmission line when you 
realize that one of the most widely used wire 
sizes has a resistance of 10 ohms per loop 
mile. In a line many miles long, the resistance 
causes a real transmission problem. 


CAPACITANCE. Capacitance is present be- 
tween any two conductors separated by an 
insulator. Thus, a pair of wires, whether 
separated by air or by any other insulating 
material, serve as the plates of a capacitor. 
There is capacitance between the lines. Each 
wire, in turn, may serve as the plate of a 
capacitor, with the earth serving as the other 
plate. Thus, there is capacitance between each 
wire and ground. As the length of the two-wire 
line increases into miles, both types of capac- 
itance increase. Capacitive reactance de- 
creases proportionally. As you know, capac- 
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itance decreases as the distance between the 
plates of the capacitor increases. Thus, in- 
creasing the distance between wires, or between 
each wire and ground, decreases capacitance. 


INDUCTANCE. Inductance is present in any 
wire through which current flows. The in- 
ductance of a straight wire line is small. 
Like capacitance and resistance, though, in- 
ductance increases with distance, becoming 
significant in several miles of wire. The increase 
in inductive reactance is proportional to the 
distance. 

LINE LEAKAGE. No insulation is perfect. 
Some energy escapes. Althouth the insulation 
resistance between a pair of wires is high, 
there is some current leakage from wire to 
wire — a very mild form of short circuit. 
There is also some current leakage to ground. 
Normally the amount of leakage is slight, but 
is definitely measurable. Leakage varies with 
weather conditions, increasing in wet weather. 


ATTENUATION. Because of losses due to re- 
sistance, capacitance, inductive reactance, and 
leakage, all of the power applied to a line will 
not be received at the distant end. Such 
losses in energy are called attenuation losses. 
The rate of attenuation for a particular line 
is not constant. In general, it increases with 
an increase in frequency (because of the 
capacitive and inductive reactance of the 
line). It also increases with an increase in 
line current (because of al! factors, but 
especially leakage). 

Attempts to reduce attenuation call for a 
decrease in resistance, capacitance, and leak- 
age. To decrease resistance, a larger gage of 
wire is used. To decrease capacitance, wider 
spacing between wires is used. To decrease 
leakage, a better grade of insulation is em- 
ployed. But these measures, if carried too far, 
can be too expensive. Other methods are 
usually employed. 


Little can be done to decrease the inductance 
of a line. But experiment has shown that 
increasing the inductance of a line results in 
decreasing the attenuation of the voice fre- 
quency range. This is due to the fact that 
line inductance, by counteracting line capac- 
itance, actually improves frequency response. 
Adding inductance amounts to resonating the 
line to voice frequencies. 


An economical and simple method of in- 
creasing inductance is called loading. It consists 
of connecting inductance coils in series with 
each wire at equal intervals along the line. 
These coils are known as loading coils. A line 
so loaded is called a loaded line. 


When frequencies to be carried by the trans- 
mission line are higher than the voice frequency 
range, the number of loading coils required 
becomes so great that loading the line becomes 
impractical. For these higher frequencies, 
amplifiers are used to compensate for line 
losses. 


One reason for attenuation is found not in 
the composition of the line itself, but rather 
in the relationship of the line to the two units 
between which the line is connected. The 
characteristic impedance of the line must 
match the input and output impedance, or 
attenuation will be great. Proper matching of 
impedance thus provides another method of 
decreasing attenuation. 


Types of Control Lines 


A control line is any line used for remote 
control and remote operation purposes. The 
keying line is such a control line. It is one 
means by which an operator controls the 
intelligence sent out by a distant transmitter. 
The signal line is another. It is the wire line 
carrying a receiver’s output signals to an 
operator. Of course, no signal line is used in a 
1- or 2-position station where the receivers 
are within reach of the operator. The wire 
lines used for channel selection, on-off power 
control, and telephone communication are 
also called control lines. 


The control lines for a small, low power, 
1-transmitter station may consist of nothing 
more than a single keying line (2-wire line). 
The single keying line is basic. Complex con- 
trol lines consist of a number of pairs of wires. 
The number increases as more and more 
functions are made subject to remote control. 
With stations that are to serve a high head- 
quarters, where several transmitters are oper- 
ated from the same signal center, the control 
line requirements become quite complex. In 
such installations, the control line wire system 
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takes on the proportions of a telephone ex- 
change, with terminal control boards, dial 
frequency channel selection systems, and so on. 


A 2-position station has control lines 
running from an operator’s position in the 
signal center to each distant transmitter. 
Usually there is 1 key line, together with 1 
spare line, for each transmitter. There is 
usually a telephone communication line, too. 
Whether or not remote frequency selection 
and remote transmitter on-off are used de- 
pends on the circuit of the particular trans- 
mitter. Several transmitters in the 300- to 
1,000-watt range are equipped with relays by 
which frequency channels may be selected 
remotely. 


A 3-position station has a control line from 
the signal center to both the station’s trans- 
mitting and receiving sites. The control lines 
to the transmitters and receivers are generally 
similar to those used in a 2-position station. 
Usually there is 1 signal line to carry receiver 
output signals to the operator, and 1 spare 
line for each receiver or diversity terminal 
bay. A diversity terminal bay is a receiver fed 
by two or more antennas, several wavelengths 
apart in actual linear distance. Such an 
antenna arrangement prevents fading. 


Most receivers, especially those in diversity 
reception systems, are pretuned to a number of 
channels.. Lines for frequency selection. control 
are provided, but on-off control is not usually 
provided for receivers. To insure maximum 
frequency stability, receivers should be kept 
turned on continuously. Otherwise, they will 
not be warmed up enough for stability. Cer- 
tain receivers, for example, require a 4-hour 
period of applied voltage to reach a reasonable 
degree of frequency stability. 


Types of Wire 


Control lines vary considerably in their 
physical makeup, just as they do in the uses 
to which they are put. Some are suspended 
above the ground by poles; some lie along 
the ground or even under the ground; some 
even pass under water. Therefore, some are 
uninsulated open wire lines; some are rubber- 
covered wires; some are rubber-covered cables; 
and some are lead-covered cables. Each type 


WIRE 1 


CIRCUIT A 


CIRCUIT B 


Adjacent Line Circuits 


has its own characteristics, both electrically 
and physically. Only a brief introduction to 
the physical and electrical characteristics of 
some of the more common types of wire is 
given here. Detailed tables of such character- 
istics are available. Further information may 
be found also in engineering texts dealing with 
telephone communications. 


Bare or uninsulated wires are called open 
wires. The open wire line most often used is 
type 080 or 104, made of copper-steel or 
copper. Copper-steel wires are very strong, 
and provide satisfactory transmission. Copper 
wire, while not so strong as copper-steel, has 
greater conductivity. Open wire lines have 
relatively low losses at voice frequencies, and 
can be used for satisfactory transmission over 
normal distances within a theater of operations. 
Open wire circuits are never loaded. One dis- 
advantage of an open wire line is the need for 
avoiding contact with trees in wooded areas. 
Such contact, especially in wet weather, re- 
sults in large attenuation losses. This disad- 
vantage can be overcome by using rubber- 
covered wire through wooded areas. 

Rubber-covered wires and cables are in very 
common use. They can be installed on poles, 
laid on the ground, or buried. They are com- 
paratively light and flexible. Rubber-covered 
wires fall into two classifications: field wire 
and field cable. 

Field cable is divided into two general types. 
The most common representative of the first 
type is the 5- and 10-pair, rubber-covered 
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cable. It is used for short loops where a num- 
ber of circuits must exist simultaneously. 


The second type cf field cable, spiral-four 
cable, consists of four spirally-twisted wires 
covered with a shielding tape. These four 
wires, in turn, are covered with a steel wire 
braid to give mechanical strength. Lastly, the 
braid is covered with a layer of rubber. The 
cable is made in quarter-mile lengths and is 
provided at the ends with a connecting arrange- 
ment which permits rapid joining of lengths. 
The connections are not watertight and should 
be taped if exposed to wet weather. The con- 
ducting sheath of wire braid gives these cables 
much better talking range (less attenuation) 
than field wire. Field cable can be used for 
intermediate distances up to 150 miles in 
telephone service. 


Lead-covered cables are used for permanent 
installations. They provide a large number of 
voice frequency circuits. Lead-covered cables 
carry as many as 300 wires, usually arranged 
in pairs or quads of paper-insulated wire of 
19- or 16-gage solid copper. Lead-covered 
cables are usually buried. However, a short 
length of lead cable is sometimes used as an 
incidental cable in an open wire line — for 
instance, as an entrance cable for bringing an 
open wire line inside to office equipment. 

A special type of lead-covered cable carry- 
ing paper-insulated, wire-armored conductors 
is called submarine cable. It is used as an 
insert in other type lines to carry them under 
water. 


Field wire itself can be divided into two 
general types. One type has a twisted pair 
with conductors individually insulated. In 
addition, there is an over-all covering. The 
second type also consists of an individually 
insulated pair, either parallel-lay or twisted, 
with an over-all covering. Included in the first 
type are wires W-50, W-110-B, W-130-A, 
WD-1( )/TT, and WD-14 ( )TT. 


Field wire has the following advantages. It 
is flexible, of relatively high tensile strength, 
and it has good conductivity. It has weather- 
proof insulation with good resistance to 
abrasion. It is easily handled and can be 
rapidly laid. 


The type used by the Air Force is usually 
wound spirally. Spiral winding prevents inter- 
ference as explained later in the discussion of 
crosstalk and its prevention. 


Field wire has disadvantages, too. Coupling 
between adjacent wire pairs is greater than 
- would be the case with lead-shielded pairs. 
Consequently, attenuation is greater. Field 
wire also is more affected by moisture than 
lead-shielded cable. Moisture increases leak- 
age in all types of lines. These disadvantages 
limit the talking range of field wire. They also 
limit the amount of improvement that can be 
obtained by line loaders or line amplifiers. 


Causes of Crosstalk 


The inductance and capacitance of a trans- 
mission line cause more trouble than just 
attenuation. The magnetic field produced by 
a conducting wire may induce voltages in 
other wires. When these induced voltages 
occur at voice frequencies, the modulation 
carried by one line may appear in other lines. 
Such induced modulation is called crosstalk. 
It may be a serious source of distortion. Cross- 
talk may also result from capacitive coupling 
from one wire to another. 


To see how inductive crosstalk occurs, 
examine the schematic diagram of two ad- 
jacent line circuits. The varying current flow- 
ing in circuit A sets up a magnetic field about 
wires 1 and 2. This magnetic field cuts wires 
3 and 4 of circuit B and induces a voltage in 
each wire. Note that if the voltage induced in 
wire 3 were equal to the voltage induced in 
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wire 4, the two voltages would buck each 
other and cancel out. This, however, is seldom 
the case, since rarely will 2 wires of 1 pair be 
equidistant from the wires of another pair. 


In this case, wire 3 is closer to circuit A 
than wire 4. A greater voltage, therefore, is 
induced in wire 3 than is induced in wire 4. 
The difference of potential between wire 3 and 
wire 4 causes a current to flow in circuit B, 
which produces crosstalk. 


Because the spacing for open wire lines is 
greater than for the wires in cables, the volt- 
ages induced in the wires of an open wire line 
from another circuit are more likely to have 
different amplitudes in each line. This is be- 
cause the distance between each line and the 
inducing circuit is greater. This means that 
one open wire line is more likely to have 
crosstalk. 


Capacitive crosstalk is caused by a difference 
in the capacity between the wires of two 
circuits. Capacitive crosstalk can be illustrated 
by the same schematic diagram. Since wire 3 
is closer to wire 2 than wire 4, the capacitance 
between wire 3 and wire 2 is greater than the 
capacitance between wire 4 and wire 2. When 
current flows in circuit A, this difference in 
capacitance causes a difference of potential in 
circuit B. The difference of potential causes 
voice frequency currents to flow in circuit B. 
This produces crosstalk. Because the wires of 
a cable are spaced closer than the wires of an 
Open wire pair, capacitive crosstalk is greater 
in cable circuits. 


Resistance unbalance is another cause of 
crosstalk. It is caused by one wire of a pair 
having a greater resistance than the other 
wire of that pair. This difference of resistance 
may be the result of using different gages 
of wire, improper splices, poor connections, 
etc. In any event, it produces differences of 
potential in the two wires and causes crosstalk. 


Since line inductance and capacitance in- 
creases with line length, crosstalk is greatest 
when lines are parallel over the longest dis- 
tances. Since the transfer of energy increases 
with an increase in signal strength, crosstalk 
is greatest when the signal is strongest. There- 
fore, the circuit most likely to be troubled by 
crosstalk is the circuit using line amplifiers. 


Configuration to Reduce Crosstalk 


These amplifiers, called repeaters, step up 
the strength of the transmitted signal dur- 
ing its transmission over long distances. 


Reducing Crosstalk 


Methods of reducing crosstalk depend to 
some extent on the circuit in which crosstalk 
occurs. For open wire lines, crosstalk is re- 
duced by special wire configurations and by 
wire transpositions. 


To see one configuration for reducing cross- 
talk, notice the position of the insulators in 
the illustration above. The insulators, of 
course, show relative wire positions. Note that 
the insulators are arranged so that individual 
wires of a pair are spaced close together, while 
each pair is spaced far from the next pair. 
Such spacing decreases the relative difference 
between the induced voltages, and causes bet- 
ter cancellation. This means less crosstalk. 
This method is limited by the danger of too 
closely spaced wires swinging together in the 
wind. 

Another method for reducing crosstalk in 
open wire lines is transposition. This is a sys- 
tematic changing of the relative position of 
the wires. Thus, any line constructed with 
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Transposition To Reduce Crosstalk 


spirally wound conductors, such as field wire 
or field cable, may be thought of as having 
built-in transposition. You can see one type 
of transposition in the diagram above. Note 
that the relative position of the wires is inter- 
changed by crossing over, or transposing the 
wires. Thus each wire of the transposed pair 
is alternately closer and farther from a third 
wire. However, over considerable line length, 
each wire of the transposed pair will average 
the same distance from a third wire. Therefore, 
any voltages induced by the third wire in 
each wire of the transposed pair will be equal 
and will cancel. There will be no crosstalk. 


Repeaters (voice amplifiers) used in a line 
to increase signal strength may also cause 
crosstalk. If two circuits are close together 
at a point near a repeater station, one circuit 
may be carrying a strong current output from 
the repeater while the other is carrying a weak 
current input to the repeater. The strong cur- 
rent circuit will then induce crosstalk in the 
circuit with the weak current. To reduce this 
kind of crosstalk, the wires leading in and 
out of the repeater are arranged so that strong 
current circuits are not near weak current 
circuits. Sometimes additional repeaters are 
placed in a line, so that current strength will 


be more evenly distributed through the line. 
This makes strong current circuits less likely 
to interfere with weak current circuits. 


The methods for reducing crosstalk so far 
discussed depend primarily on_ balancing 
coupled voltages in such a way that they will 
cancel. Ideally, the best method would be to 
keep wire pairs so far apart that no coupling 
could take place. But in usual installations 
this is impractical, so the method of balancing 
is generally used. For balancing methods to 
be successful, it is important that the two 
conductors of a pair be well matched so far 
as resistance is concerned. If the wires do 
not have balanced resistance, current flow 
in one wire will be greater than in the other. 
Being of different value, these currents will 
produce crosstalk. Thus, the two conductors 
of a pair should match, and when repairs are 
made on a wire, splices and connections should 
be so made that resistance balance is not 
impaired. 

Because the wires of a cable are twisted 
and close together, induced voltages tend to 
cancel and there is little inductive crosstalk. 
However, crosstalk does result from capaci- 
tively-coupled voltages. Capacitive crosstalk 
may be reduced by careful cable installation. 
The cable line is divided into sections. In 
splicing one section to another section, a 
pair in one section having a low capacitance is 
spliced to a pair in the other section having a 
high capacitance, and vice versa. If this is 
repeated throughout the entire cable splicing 
procedure, the capacitance between the wires 
can be made fairly equal and the coupled 
voltages will then be effectively balanced. Oc- 
casionally it is necessary to add small capaci- 
tors, known as balancing capacitors, to the 
circuits to complete the final capacitance 
balance. Since the Air Force uses spirally 
wound wire, as mentioned before, it presents 
no special crosstalk problem. 


Noise 


Any unintelligible sound heard over a tele- 
phone circuit is defined as noise. A special 
type of such noise is called babble. Babble is 
an unintelligible conglomeration of speech 
sounds coming from a number of other cir- 
cuits. Babble is most likely to be heard over 
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cable lines where crosstalk may be induced 
simultaneously from a number of other cir- 
cuits as a result of the close grouping of the 
wires within a cable. Though crosstalk cur- 
rents may appear as noise, the principal source 
of noise is currents induced from neighboring 
power lines. 


How disturbing noise may be to a listener 
depends primarily on the intensity of the noise. 
To a lesser extent it also depends on the fre- 
quency of the current producing the noise. 
Experiment has shown that noises are most 
disturbing when their frequency is approxi- 
mately 1,100 cps. Noise may be not only 
irritating and a source of distraction, but if 
intense enough, it may make conversation 
impossible. It is important, therefore, that 
the noise level be kept low. 


Noise, like crosstalk, is essentially the result 
of induction. Therefore, measures similar to 
those used to reduce crosstalk are used to 
reduce noise. The methods of careful balanc- 
ing, and of transpositions, are effective for 
reducing babble. However, when noise is in- 
duced by power lines paralleling the telephone 
transmission lines, methods similar to those 
used for reducing crosstalk are not adequate. 


Power lines present a special problem. The 
power carried over such lines is greater by 
tremendous amounts than that carried over 
telephone circuits. High-tension power lines 
carry thousands of watts of energy, while 
energy carried in a telephone circuit may be 
as low as 0.00001 watt. Even with a consider- 
able physical separation between the power 
lines and telephone lines, the danger of serious 
interference is great. 


The surest way of preventing interference 
is to provide enough physical separation. 
Often, however, fairly close parallels of power 
and telephone lines, such as lines on the oppo- 
site sides of a highway, cannot be avoided. 
In these cases, it is necessary to make use of 
measures beyond the balancing and the trans- 
posing of telephone conductors. These meas- 
ures usually require adjustment of the power 
supply circuits. The particular measures vary 
somewhat with each situation, but they in- 
clude rearrangement of the transformer con- 
nections in the power circuits and insertion 
of power line filters to reduce harmonics. 


Standard Pads 


Special configurations and transpositions of 
power line conductors are also helpful. 


Though attenuation in a line is usually 
undesirable, there are times when it is advan- 
tageous. If the output of a repeater or the 
output of a source of test power is greater 
than desired, attenuation is introduced in- 
tentionally. A resistance network known as a 
pad is used to cause loss in a circuit. 


One of the simplest forms of pad is the 
symmetrical T-pad, shown in A of the pad 
diagram. This pad is symmetrical because 
the two series arms are equal in value. It is 
called a T-pad because the configuration of 
the resistors is similar to that of the letter T. 
The type in B is called an H-pad; the type in 
C, a Pi-pad; and the type in D, a square pad. 
The voltage drop across the resistor network 
is the attenuation. The various resistor ar- 
rangements help to provide the correct 
amount of attenuation. 


Since a pad is designed to attenuate voice 
frequencies, the amount of attenuation caused 
by a pad is expressed in db. If the pad has 
pure resistance, its attenuation is constant 
for all frequencies. 


It is important that a pad match the imped- 
ance of the circuit into which it is connected. 
Otherwise, the amount of attenuation caused 
by the pad is considerably greater than its 


rated attenuation. Therefore, a pad is also 
rated for the impedance it presents to a cir- 
cult. This is expressed in ohms. Most tele- 
phone equipment is designed for an impedance 
of 600 ohms and most pads are designed to 
match this impedance. 


Filters 


Filters are designed to produce high atten- 
uation at particular frequencies. Filters are 
made up of inductors and capacitors, arranged 
to offer a high loss to currents of undesired fre- 
quencies and a low loss to other frequencies. 
These are three types of filters: The low pass 
filter, the high pass filter, and the band pass 
filter. 


A simple low pass filter is shown in A of 
the schematic diagram. When low frequency 
currents are applied to a low pass filter, the 
filter causes very little loss. At low frequencies, 
the reactance of the series inductors is low 
and the reactance of the shunt capacitor is 
high. However, when high frequency currents 
are applied to a low pass filter the reverse is 
true; the reactance of the series inductors is 
high, and the reactance of the shunt capacitor 
is low. The frequency response of a low pass 
filter is illustrated in B. The frequency at 
which the loss begins to rise rapidly is known 
as the cutoff frequency. 
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B 


High Pass Filter 


In a high pass filter, the capacitors are in 
the series arm and the inductor is in the shunt 
arm. A high pass filter offers a high loss to 
low frequency currents and a low loss to high 
frequency currents. The relation between db 
loss and frequency is shown in B in the illus- 
tration. 


A band pass filter is a combination of low 
pass and high pass filters, as you can see in 
the schematic diagram. Suppose that the 
low pass section (containing the series coils) 
is designed to pass a frequency range from 
zero to 2,000 cycles and suppress all other 
frequencies. Suppose further that the high 
pass section (the series capacitors), is designed 
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to pass a frequency range from 1,000 cycles 
to infinity and to suppress all other frequen- 
cies. Then, the two together will pass only 
frequencies between 1,000 and 2,000 cycles. 
There are two cutoff frequencies, each marking 
one limit of the band pass. This is shown in 
the frequency response curve of the band pass 
filter in B. 


Equalizers 


The attenuation of a telephone line is not 
the same at all frequencies. This means that 
voice intensities are not faithfully reproduced. 
The result is distortion. The amount of dis- 
tortion increases with the length of the line. 
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Therefore, in long lines, it is frequently neces- 
sary to correct unequal attenuation. A net- 
work designed for this purpose is called an 
attenuation equalizer, or simply an equalizer. 
It is similar to the filters just discussed, but 
includes resistors so that the equalizer will 
not have a sharp cutoff frequency. As shown 
in the chart, Equalizer Response, the equalizer 
attenuates the frequencies not attenuated by 
the line. Thus, attenuation is the same for 
all voice frequencies, and distortion is pre- 
vented. 


An equalizer is used at the input of a re- 
peater. Thus, distortion is eliminated before 
amplification. The amplifier compensates for 
attenuation losses caused by the equalizer. 


Simplex Circuits 


A simplex circuit permits a telegraph (or 
teletypewriter) circuit to be operated over a 
telephone line. It permits such operation 
without either the telegraph or the telephone 
circuit interfering with the operation of the 
other. As shown in the schematic diagram, 
the input end of the telephone circuit, at ter- 
minal A, and the output end, at terminal B, 
are transformer-coupled with a special type 
of transformer called a repeating coil. The 
telegraph input is connected into the telephone 
line by centertapping the line winding of the 
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repeating coil at terminal A. The telegraph 
output is taken from a similar centertap on 
the line winding of the repeating coil at ter- 
minal B. The return path for the telegraph 
circuit is through ground. 


Note that each of the two telephone lines 
provides a path by which current can flow 
from one centertap to the other. The circuit 
is arranged so that these two paths are bal- 
anced. They are identical; both have the same 
conductivity, resistance, capacitance, induc- 
tive reactance, and line leakage. It is because 
these two paths are identical that neither the 
telegraph circuit nor the telephone circuit 
interferes with the other. 


This is how the simplex works. The tele- 
graph current, a pulsating DC, enters the 
centertap on the terminal A repeating coil 
and divides equally between the two paths. 
This means that equal current flows through 
the two halves of the tapped coil. The voltages 
across the two halves are equal but opposite. 
They cancel. They do not induce voltages in 
the drop winding of the telephone circuit at 
terminal A. Thus, they do not cause any inter- 
ference. The telegraph current, at terminal B 
again flows through the two halves of the 
tapped coil in such a way that the voltages 
cancel. No interference appears in the drop 
winding of the telephone output. 
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Now consider why telephone operation does 
not interfere with telegraph operation. The 
telephone current, an audio AC, is trans- 
former-coupled into the line winding of the 
repeating coil at terminal A. Instantaneously, 
current flows through the line winding. 


It flows in the same direction through both 
halves of the terminal A line winding. The 
return path for this flow must be through the 
line winding at terminal B. The current 
through the line winding at terminal B 
must be in one direction through both halves 
of the winding. Thus there can be no division 
of the current as was the case with the DC 
current. If you stand at the centertap of 
terminal A and look across at the centertap 
on terminal B, the AC current flows away 
from you, on your left hand, toward terminal 
B. And on your right hand, the AC current 
flows away from terminal B and toward you. 
Remembering that the circuit is balanced, 
you will realize that the voltage drop caused 
by the current flowing away from you to the 
terminal B centertap is equal to the voltage 
drop caused by the current flowing away from 
the terminal B centertap and back toward 
you. These two voltage drops being equal, 
cancel. The voltage at either centertap is the 
sum of the positive end of one voltage drop 
and the negative end of the other. Thus, the 
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total voltage at either centertap is zero. As 
far as the telephone current is concerned, the 
centertaps remain at zero. This means that the 
telephone current cannot affect the telegraph 
voltages — cannot cause interference. Thus, 
neither circuit interferes with the other. Two 
facilities can be operated over one set of wires. 


The repeating coils are not intended to step 
up or step down voltages and currents; there- 
fore, they are generally of 1:1 ratio, so that 
both windings present the same impedance. 
However, there is a special type of repeating 
coil, the inequality ratio repeating coil, which 
serves both as a repeating coil and as an imped- 
ance matching transformer. 


Phantom Circuits 


The phantom circuit is similar in arrange- 
ment and purpose to the simplex circuit just 
studied. The phantom circuit permits opera- 
tion of three telephone facilities over two 
sets of wires. The center circuit shown in the 
schematic diagram, telephone 2, is the phan- 
tom circuit. The other circuits, telephone 1 
and telephone 3, are called side circuits. The 
combination of the two side circuits and the 
phantom circuit is known as a phantom 
ground. 

All the telephone currents are transformer- 
coupled and all are audio AC. The instantane- 
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ous current flow for telephone 2 uses both 
lines of telephone 1 to reach terminal B. It 
divides equally at the centertap of the termi- 
nal A winding and joins up again at the termi- 
nal B centertap. It then goes to the primary 
of the telephone 2 output transformer. For its 
return path to the input transformer, it uses 
both lines of telephone 3, again dividing 
equally and joining up later. 

In the phantom circuit, as in the simplex 
circuit, it is very important that circuit bal- 
ance be maintained. With circuit balance, 
voltages cancel in such a way that mutual 
interference is prevented. 


Simplex Phantom Circuits 


The simplex phantom circuit is similar in 
arrangement and purpose to both the simplex 
circuit and the phantom circuit. It permits 
operation of three te!ephone facilities and one 
telegraph (or teletypewriter) facility over two 
sets of telephone lines. The telephone currents 
are audio AC, and the telegraph current is 
pulsating DC. As you can see from the 
schematic diagram, the return path for the 
telegraph circuit is through ground. Balanced 
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circuits and cancelling voltages prevent mutual 
interference. 


TYPICAL TRANSMITTER REMOTE 
CONTROL SYSTEM 


A control system combines control units 
and transmission lines in an ‘arrangement 
which permits advantageous distribution of 
operating personnel and radio units in different 
places. Control circuits often make use of 
existing telephone lines and facilities. Some- 
times though, it is necessary to erect special 
control lines. The typical remote control ar- 
rangement discussed here can use either tele- 
phone lines or special lines, depending on 
circumstances. Some of the radio units may 
be located close to the others; some may be 
located at a considerable distance. 


As you can see from the block diagram, the 
typical remote control installation discussed 
here includes five transmitting channels pro- 
vided by four high frequency transmitters and 
one low frequency transmitter. Each trans- 
mitter is housed as a separate unit. Associated 
with the low frequency transmitter, as another 
separate unit, is a tuning unit. In the discus- 
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sion here, these transmitters will be considered 
only as channels subject to remote control. 
There are four remote control stations rep- 
resented by four control units. These units 
vary in their complexity, since some house 
facilities which can be shared by all. 


The modulator unit houses two modulators. 
Either or both of these can be used for voice 
or CW modulation from any of the four con- 
trol stations: The block diagram does not 
show direct connection between the modulator 
units and the control units. This is because 
the connections are made through the power 
rectifier unit. The power rectifier unit serves 
as a central terminus for the whole control 
system. 


The function of the power rectifier unit, 
as shown in its functional block diagram, is 
to supply the high voltage for the five 
transmitters and for the modulator unit. The 
power rectifier unit, the transmitters, and the 
modulator unit are all located together. A 
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blower motor in the power rectifier unit pro- 
vides air cooling for all except the remote 
control units. 


Actually the power rectifier unit is not too 
simple, as you can see in the front and rear 
views, with covers removed. As the terminus 
of the entire control system, the power rec- 
tifier incorporates all the relays and contactors 
necessary for operation of the system. 


The various parts of the unit — capacitors 
(C), relays (E), fuses (F), plugs (J), resistors 
(R), switches (S), transformers (T), tubes 
(V), and filters (X) — are designated by num- 
ber in the two illustrations. They are also 
designated by number in the schematic of the 
unit shown on page 172. 


The AC power supply for the power rectifier 
unit is brought in through a four-connector 
plug J222 (at top left of diagram) to a main 
line switch S201 and line fuses F201 and F202. 
Line switch S201 is an emergency switch to 
disconnect the equipment from the line. It 
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Front View of Power Rectifier 


cannot be operated remotely. Power to the 
rectifier tube plates and the blower is normally 
controlled by the power contactor E203. This 
relay, in turn, is energized through time delay 
relay E202, and provides a long enough time 
interval before application of plate power to 
permit the rectifier tube filaments to come up 
to operating temperature. 


The plate power transformer T202 is ener- 
gized when E202 closes. The centertap of the 
secondary of this transformer is grounded, 
and the high voltage AC appearing at the 
ends of the secondary winding is applied to 
the plates of parallel-connected rectifier tubes 
V201, V202, V203, and V204. The rectifier DC 
output is applied to the several transmitter 
units through a six-branch filter system. 


The actual connections between the several 
control units and the power rectifier unit are 
made through a plug board (J223 at lower 
left of diagram). The connections to the 
transmitters (shown along the bottom of the 
diagram) and to the modulator unit (lower 
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Rear View of Power Rectifier 


right) are made by cable. The selector switches, 
S213 and $214, apply AC for 600-volt rectifier 
operation in modulators 1 and 2 and remove 
safety bias from modulator finals for trans- 
mitter operation. 


High voltage is applied to the individual 
transmitting channels through five relays 
(E204, E205, E206, E207, and E208). These 
control channels 1 to 5, respectively. Each of 
these relays may be operated from a remote 
control position by means of a DC voltage 
simplexed back over the keying circuit for 
the respective channels. When the local-remote 
switch on the rectifier unit panel is in the 
local position, each relay may be operated by 
closing each channel selector switch on the 
power rectifier panel. When the switch is at 
the remote position, the five relays may be 
operated from the control units. 


Remote Control Console 


The remote control console illustrated on 
page 173 contains all of the necessary equip- 
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Remote Control Consoles and Associated Equipment 


ment for the remote control of a group of radio 
transmitters and receivers. All of the necessary 
amplifiers, oscillators, control and_ selector 
switches, and monitoring equipment are 
mounted in the console. Several of these con- 
soles are usually connected together to form 
a parallel group of remote control positions. 
Either CW or voice messages may be trans- 
mitted or received from any one of these 
positions. The remote control block diagram 
above shows six consoles connected in parallel. 
It is possible to select and control any one of 
nine transmitters for voice or CW operation. 
Power is supplied to all the transmitters from 
two rectifiers. Modulated plate voltage is sup- 
plied by the modulator. Provision is made at 
each console for the selection of any one of 
four modulators for voice transmission. Addi- 
tional modulators may be added to the trans- 
mitting station equipment if necessary. 

The remote console is designed for use with 
several different types of transmitters, modu- 
lators, and rectifiers. 

Incoming radio messages are received 
through eight receivers mounted in the block 
labelled ‘‘receiver bay.’’ These receivers are 
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usually installed near the remote control con- 
soles. A standby receiver can be mounted in 
the console above the control panel. 

DUAL CHANNEL AMPLIFIER. A dual chan- 
nel amplifier is mounted behind the top panel 
shown on page 173. This amplifier contains 
two independent audio amplifier channels. 
The gain controls for the two amplifier chan- 
nels are shown in the illustration. These am- 
plifiers are used to amplify all incoming radio 
signals for either headset or loudspeaker moni- 
toring. They make possible _ split-headset 
monitoring of several fixed-frequency re- 
celvers. 

CONTROL PANEL. All transmitter and re- 
ceiver selection and control switching equip- 
ment is concentrated in the control panel lo- 
cated below the dual channel amplifier. 

The upper row of ten switches marked 
‘“‘transmitter selector’? are for radio transmit- 
ter selection. The pilot light just above each 
switch indicates which transmitter channels 
are in use. 

The lower row of ten switches marked “re- 
ceiver selector’? are for the selection of the 
radio receiver channels to be monitored. Any 


or all of the eight fixed-frequency receivers in 
the receiver bay may be monitored by throw- 
ing the receiver selector switches upward or 
downward. One of the switches also selects 
the tunable receiver for monitoring, and 
another switches the transmitter keying signal 
to the monitoring system. 

The switch marked ‘“‘monitor line’’ is the 
modulator selector switch. Any one of as many 
as four modulators may be selected for voice 
transmission with this switch. The pilot 
lamps above the switch indicate which modu- 
lators are in use. 

The modulator selector dial is used in con- 
nection with the remote control of the trans- 
mitters for voice-modulated transmission. By 
the proper dialing of. this selector and the 
proper operation of the transmitter selector 
switches, it is possible to connect any one of 
the modulators to any one transmitter at a 
remote transmitter station. 

The switch marked ‘tone modulation”’ 
provides for continuous tone modulated trans- 
mission, which may be used as a homing signal. 

The lower switch at the left is the audio out- 
put selector switch. This switch provides for 
split-headset, parallel headset, or loudspeaker 
monitoring. 


The two knobs, one on each side of the 
dial, are used to control the pitch of the in- 
coming signals. 

The card holder at the upper right indicates 
the frequency of the various transmitters and 
of the various fixed-frequency receiver chan- 
nels. 


VOLUME LIMITING AMPLIFIER. The vol- 
ume limiting amplifier is mounted just below 
the blank panel back of the typewriter well 
(not shown). It amplifies the microphone out- 
put for transmission over the telephone lines 
to the remote transmitter station. The volume 
limiting .eature prevents overmodulation of 
the transmitter on voice peaks, thus permit- 
ting the transmission of a higher average 
signal level. 


KEYING OSCILLATOR. The keying oscillator 
is mounted below the volume limiting am- 
plifier. It produces a 1,000-cycle signal which 
is used primarily for keying the remote trans- 
mitters. That is, the oscillator is keyed at the 
control console and the interrupted 1,000- 
cycle tone keys the transmitter through an 
electronic relaying circuit in the transmitter. 
The tone is also used for continuous tone 
modulation. 


Volume Limiting Amplifier 
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STANDBY RECEIVER POWER SUPPLY. If the 
standby receiver is installed in the console, 
its power supply is mounted in the bottom 
panel position in the cabinet (not shown). 


INTERCONNECTING CABLES. ‘The intercon- 
necting cable is a 33-conductor cable, 2 feet 
long, equipped with plugs at both ends. Two 
cables are used between each console for paral- 
lel connection. A similar cable that is 10 feet 
long is used when it is desired to separate the 
console cabinets by more than the usual 2-foot 
spacing. 


Transmitter Selector Switches 


A simplified diagram of one of the trans- 
mitter selector switches is shown on page 177. 
The three positions shown correspond to the 
same switch in three consoles. Nine switches 
in a console are identical to the one shown 
below. 

Power is furnished to the pilot lamps in 
each console by transformer T1. Correspond- 
ing pilot lamps in each console in a group are 
connected so that depressing switch S1 in any 
console causes pilot lamp B1 to light in all the 
consoles. In addition to lighting the pilot 
lamp, switch S1 places the output of the key- 
ing oscillator on the outgoing line. At the 
same time the centertap of transformer T1 in 
the exciter at the transmitter is grounded 
through the outgoing lines and the centertap 
of the output transformer of the keying os- 
cillator. This ground connects filament volt- 
ages to certain of the transmitter tubes and 
performs other operations which places the 
transmitter in readiness for transmission. 


Transmitter selector switch S10 is con- 
nected for remote starting and stopping of the 
power rectifier. When switch S10 is depressed, 
the line to the power unit is grounded. This 
places the transmitter connected to it in 
readiness for operation. 


Receiver Selector Switches 


A partial schematic diagram of the receiver 
selector switches is shown on page 179. The 
switch shown is S12. This switch is shown in 
each of three consoles, wired in parallel. 

The receiver selectors are divided into three 
groups. Switch S11 monitors the output of the 
local tunable standby receiver. Each of the 
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switches S12 to S19 monitors a remote fixed- 
frequency receiver. Switch S20 monitors the 
output of the keying oscillator. When any 
switch S11 to S20 is elevated, channel 1 of 
the dual channel amplifier is used — when 
depressed, channel 2 is used. 


Modulator Line Switch 


A partial schematic diagram of the connec- 
tions to the modulator line switch is shown 
on page 180. This switch connects the output 
of the volume limiting amplifier or of the key- 
ing oscillator to any one of four outgoing lines 
to modulators at the transmitter site. At the 
same time, a pilot lamp is lighted in each of 
the remote control consoles operated in paral- 
lel. The right hand section of this switch 
connects the output of transformer Tl across 
a signal lamp B11 to B14, corresponding to 
the modulator line selected, and lights the 
corresponding lamp in the other remote con- 
trol consoles connected in parallel. 


Modulator Selector Dial 


A partial schematic diagram of the dialing 
operation is shown in the illustration on page 
180. When dial S23 is rotated clockwise, a 110- 
volt 60-cycle dialing voltage from dialing 
transformer T2 is placed across the telephone 
line selected by the modulator line switch 
(S22). When the dial is released it interrupts 
the dialing voltage according to the number 
dialed. The pulses produced operate the con- 
trol equipment at the far end of the telephone 
lines. When dial S23 has returned to its 
normal position, the output of either the 
volume limiting amplifier or of the keying 
oscillator, as selected by S25, is placed across 
the line. 


Tone Modulation Switch 


The illustration showing the transmitter 
selector switches also shows the tone modula- 
tion switch S25. In the ON position, this 
switch connects the output of the keying 
oscillator to the outgoing modulator line 
selected by the modulator line switch. At the 
same time, the oscillator output is connected 
to the transmitter selected by one of the trans- 
mitter selector switches S1 to S9. The left 
hand section of the tone modulation switch 
short circuits jack P3 of the keying oscillator 
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causing it to operate continuously. In the 
OFF position, switch $25 connects the output 
of the volume limiting amplifier to the modu- 
lator line selected by S22, and restores the 
keying oscillator to its normal keying opera- 
tion. 


System Function of Remote Control Console 


CW OPERATION. For CW operation, the 
transmitter to be used is selected by the cor- 
responding transmitter selector switches. The 
output of the keying oscillator is fed through 
the selector switch to the transmitter, where 
the keying tone keys the transmitter carrier 
signal. 

VOICE OPERATION. For voice operation, 
the transmitter to be used is selected as above. 
The modulator to be used is selected by modu- 
lator line switch S22, and the modulator and 
transmitter are connected together by dial 
S23. The voice signal from the microphone is 
amplified in the volume limiting amplifier and 
is fed through tone modulation switch S25 
(in the OFF position) through dial S23 and 
switch S22 to the modulator. 

MONITORING. ‘The dual channel amplifier 
is used as a monitoring amplifier, and provides 
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two separate channels for this purpose. A sig- 
nal from a remote receiver is selected by the 
corresponding receiver selector switch and 
passed on to the dual channel amplifier. If the 
selector switch is elevated, the signal is sent 
to channel 1, and if depressed, to channel 2. 
The amplified signal is sent to the audio out- 
put selector switch S21 which has positions 
for split-headset, parallel headset, or speaker 
monitoring. The desired type of monitoring 
is selected by switch S21 on the front of the 
control panel. Signals from the local standby 
receiver or the keying oscillator may be moni- 
tored in a similar manner. 

CONTINUOUS TONE MODULATION. ‘The radio 
transmitter may be modulated continuously 
with a 1.000-cycle tone by turning the tone 
modulation switch S25 to the ON position. 
This operation switches the circuit to the 
modulator from the volume limiting amplifier 
to the keying oscillator. The keying terminals 
are short-circuited so that the keying oscillator 
operates continuosuly. The oscillator output 
is also fed through switch S25 and the trans- 
mitter selector switches to the radio transmit- 
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DIALING AND DIAL SWITCHING 


Some Air Force remote control systems use 
dialing for automatic channel selection. 


Dial Circuits 


A dial is essentially a pulse-sending mech- 
anism. By means of pulses, a dial can control 
a centrally located switching arrangement to 
complete a great variety of line connections. 
This control is partly mechanical and partly 
electrical. 

The line between the telephone, with its 
dial, and the switching center is called a 
calling loop, or more simply, a loop. It cor- 
responds to the ‘remote control line used in 
control systems. When the phone is lifted 
from its cradle (which is a switch), DC flows 
through the loop. Operation of the dial 
interrupts this flow of DC and forms the 
pulses. When number 1 is dialed, the DC is 
interrupted once. When number 5 is dialed, 
the DC is interrupted 5 times. When number 
0 is dialed, the DC is interrupted 10 times. 


The arrangement of the dial is partly 
mechanical and partly electrical. To get an 
idea of the mechanical arrangement, examine 
the illustration of a typical dial. The front view 
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shows two plates. The movable finger plate 
has 10 finger holes. When the finger plate is 
at rest, the finger holes center on the ten 
numbers of the stationary number plate. The 
dial is operated by moving a finger hole 
clockwise to the finger rest. To dial number 5, 
the hole centering on the number 5 is moved 
to the finger rest —- and then released. When 
released, the finger hole automatically returns 
to its original position. As it returns to 
position it interrupts the DC. Thus the number 
5 finger hole causes five interruptions as it 
returns to its position centered over the 
number 5. 

The rear view shows two spring assemblies, 
one for the pulse springs and one for the 
shunt springs. When the finger plate is moved 
toward the finger rest, the shunt springs dis- 
connect the phone, both transmitter and 
receiver, from the loop. The dial remains con- 
nected and the phone remains disconnected 
until the finger plate returns to its rest 
position. As the finger plate returns to its 
rest position, the pulse cam acts on the pulse 
springs to interrupt the DC normally carried 
through the pulse springs. The governor shaft 
and governor cup regulate the speed of the 
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return, and thus, the interruption rate and 
the pulse rate. 


In the electrical circuit of the dial, note 
that the cradle switch of the telephone is in 
position for talking or dialing. The dial is in 
rest position with the pulse springs in contact 
and the shunt springs open. 


When the dial is operated and is returning 
to the rest position, the pulse springs make 
and break contact to form the pulses. All the 
time the dial is out of the rest position, the 
shunt springs are closed and shunt out the 
transmitter and receiver. There are two shunt 
springs — one pair for shunting the receiver, 
and one pair for shunting the transmitter. 
The receiver and transmitter must be shunted 
separately during dialing. Shunting the re- 
ceiver prevents the dial pulses from causing 
clicking sounds in the receiver. Shunting the 
transmitter improves the pulsing circuit by 
disconnecting the variable resistance of the 
transmitter during pulsing. 


The talking circuit consists of the trans- 
mitter, the receiver, the induction coil, and 
the 4-microfarad capacitor. 


The ringing circuit consists of the line 
springs of the cradle switch when the phone 
is on the cradle, the ringer, and the 0.7- 
microfarad ringing capacitor. This capacitor 
blocks DC but permits AC to flow through to 
the ringer. When the handset is lifted from 
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the cradle switch, the ringer circuit is opened. 
The 0.7-microfarad capacitor is then connected 
to the dial pulse springs to serve as a spark 
quench for the dial spring contacts. (It pre- 
vents excessive arcing and sparking.) 


Switching Circuits 


Unless a telephone system is very simple, 
involving only a few stations, some sort of 
switching arrangement is needed to regulate 
traffic through the network of possible line 
connections. The switching arrangement may 
be simple or complex, depending on the sim- 
plicity or complexity of the system it serves. 
Most automatic telephone systems are ex- 
tensive enough to require the use of a switch 
called a stepping switch. It is called a stepping 
switch because it goes through a step-by-step 
process in establishing a connection. 


The stepping switch itself can be quite 
simple or quite complex. Any stepping switch 
has a movable contacting arm, called a wiper, 
and one or more banks of contacts, usually 
in a circular arrangement, on which the wiper 
completes a connection. 


A stepping switch with one bank is called a 
single-motion switch. The single motion switch 
is usually a switch with wipers moving in a 
single plane over a bank of ten sets of contacts. 
The motion is usually horizontal. A stepping 
switch with two or more banks is called a 
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two-motion switch or major switch. It is called 
a two-motion switch because its motion is 
both horizontal and vertical. The wipers can 
move horizontally across one bank of contacts, 
and then the wipers can be moved vertically 
to another bank of contacts, across which 
they can move horizontally again. The ad- 
vantages of such a switch should be apparent. 
Suppose there are ten banks of ten contacts 
each. Then, by use of one two-motion switch, 
one line could be connected automatically to 
any one of a hundred different lines. 


A single-motion switch may be either a 
minor switch or a rotary stepping switch. 

You can see the major components of a 
minor switch in the illustration. The bank 
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consists of ten contacts, each insulated from 
the others. The rotary arm (wiper) moves 
across the contacts. It moves against the 
pressure of the restoring spring, held by the 
holding prop. The rotary magnet causes the 
motion. The release magnet detaches the 
holding prop and allows the restoring spring 
to operate when each period of switch operation 
is finished. The switch then returns to its rest 
position. 

The rotary stepping switch is normally used 
as a line switch. As shown, it has double- 
ended wipers which can be rotated through a 
full cycle. Thus, it allows more connections 
to be made than a minor switch. It uses a 
rotary magnet for moving the wiper and a 
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ratchet for holding it to a_ step-by-step 
motion. 


The two-motion stepping switch, shown in 
half-left and half-right views, requires vertical 
magnets, rotary magnets, and a release magnet. 


The stepping mechanism includes the wipers, 
the shaft on which they are mounted, and the 
mechanical devices which raise and rotate the 
shaft. Mounted on the switch shaft is the 
contact wiper assembly. This assembly is 
carried by the vertical and rotary movement 
of the shaft to rest on, and make contact with, 
the bank contacts. A two-bank switch has 
two sets of wipers, mounted horizontally. 
They are so positioned on the switch shaft 


184 


that they are raised and rotated in unison to 
the same relative position on each bank. 


The switch is raised, rotated, and returned 
to its normal position (up, around, and return 
motions) by combinations of electromagnets, 
armatures, pawls, ratchets, and detents. The 
interacting parts are designated vertical, 
rotary, or release, according to the motion 
they impart to the shaft. 


The switch is operated by the series of 
pulses controlled by a dialed number (for 
instance, six pulses for number 6). When this 
series of pulses is fed to the vertical magnet, 
it causes the shaft and wipers to be raised a 
number of steps equal to the number of pulses 
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in the series. The magnet energizes once for against a tooth of the vertical ratchet on the 
each pulse in the series. At each pulse, the switch shaft. This pressure raises the shaft 
magnet attracts the armature, shown at A and wipers one vertical step for each pulse 
of the stepping mechanism illustration. The in the series. 
armature presses the vertical pawl upward The horizontal (rotary) motion of the shaft 
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and wipers is due to a pulse series fed to the 
rotary magnet. The rotary magnet attracts the 
rotary armature. This causes the rotary pawl, 
shown at B of the stepping mechanism 
illustration, to engage a tooth on the rotary 
ratchet of the shaft. Each pulse of the series 
then rotates the shaft one step. The rotary 
detent holds the shaft in its rotated position 
until the switching process is completed, and 
the release magnet is energized. When the 
release magnet is energized, the release mech- 
anism, shown in the release mechanism dia- 
gram, causes the detent to withdraw from 
both the vertical and rotary ratchets. The 
shaft and wipers then return to their resting 
position. 

Any remote transmitter control system 
utilizing the telephone dial system will operate 
on the same basic principles. The purpose of 
the system is to extend the connections of 
certain control lines to the particular trans- 
mitter function to be controlled. The opera- 
tions performed will depend on the design of 
the particular equipment being put into 
operation. 
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THE AUTOTUNE SYSTEM 


The Collins autotune system is an example 
of a system which provides automatic trans- 
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mitter tuning. In the illustration of a typical 
Collins controlled transmitter, notice that 
part of the front panel has been removed to 
show the autotune motor, B101. The tuning 
controls, E117, E118, E119, E120, and E121, 
which regulate variable capacitors, variable 
inductors, and crystal selection circuits, are 
shown along the bottom of the panel. 


Here is how you set the autotune system. 
First, you turn the channel switch, S108, to 
channel 1. Next, you unlock each tuning 
control by turning the bar on the face of the 
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control in a counterclockwise direction. Then, 
following usual tuning procedures, you tune 
the transmitter to the frequency which you 
have selected for the channel. You may 
choose any frequency within the frequency 
range of the transmitter. With the tuning 
finished, you lock the controls by turning the 
bar on each control clockwise. 


Now channel 1 is set, and you are ready to 
tune channel 2. You select channel 2 and 
follow the same procedure in tuning channel 2 
to the frequency selected for it. 
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Location of Autotune and Tuning Elements 
You proceed in the same way through all manual channel will not reappear. If you 
ten channels. When the channels are tuned, want to use the same frequency you had on 
you can turn the selector to any channel manual before, you must retune the trans- 
already set up — say channel 1 — and the mitter. In other words, moving from one 
controls will automatically adjust themselves automatic channel to another will not erase the 
to the same settings you made in tuning the control settings. But moving from manual to 
channel. The dials will revolve to their another channel will erase the manual settings. 
original settings for that channel in about Usually the transmitter also has a low 
25 seconds. frequency channel. Like the manual channel, 
Thus, you have a transmitter with ten the low frequency channel is not controlled 
preset channels. Each channel can be set to by the autotune. 
any frequency with the frequency range of The autotune system provides two basic 
the transmitter. types of mechanism — one known as the single 
Usually the transmitter has one channel, turn unit and the other as the multiturn unit. 
marked manual, which is not controlled by Single turn units are used to operate controls 
the autotune. You can use the manual channel which require only one turn or less to reach 
when you want to operate temporarily on a final setting. Multiturn units are used to 
frequency not included in the preset channels. operate controls which may require up to 20 
You turn the selector to manual, and when revolutions to reach final setting. In the four 
the controls stop revolving, you tune the views of autotune units, note that each con- 
transmitter by normal procedures. Then you trol has an autotune unit associated with it. 
lock the controls. Now you may transmit on In the bottom view of the transmitter, you 
the frequency you have just set up. But if you can see how the autotune units are located 
turn to another channel for transmission on with respect to tuning controls and tuning 
another frequency, and then turn back to elements. Note that each tuning control is 


manual, the settings that you made for the designated by letter. Control B, on the right 
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Control B and Autotune 


side of the transmitter, is the only control 
associated with a multiturn unit. Control B 
may be rotated through twenty complete 
revolutions. 


Now consider the function of each of the 
autotune units shown. 


Autotune unit A is a single turn mechanism 
that operates control knob A to accomplish 
the following: 

Select high or low frequency oscillator. 
Select high frequency oscillator range. 
Select multiplier range. 

Operate autotune circuit seeking switch 
S109. 


Autotune unit D is a single turn mechanism 
that operates control knob D. It controls 
variometer L112 to provide fine inductance 
tuning of the antenna circuit. 


Autotune unit E is a single turn mechanism 
that operates control knob E. It controls 
variable capacitor C125 and switch section A 
of S113, a multielement switch which provides 
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fine control of capacitance in the antenna 
loading circuit of the transmitter. Operation 
of switch section S113A connects a fixed 
capacitor C124 (not shown) in parallel with 
variable capacitor C125 to extend the range. 


Autotune unit B is a multiturn mechanism 
that operates control knob B. Notice, in the 
separate view of this autotune mechanism, 
how it is connected to the shaft. It accomplishes 
the fine tuning of the high frequency oscillator, 
and the fine tuning of both multiplier stages. 
It performs these functions by moving the 
tuning slugs in inductors L101, L105, and 
L106. These three inductors are located on 
the high frequency oscillator casting and are 
ganged so that they are all operated simul- 
taneously by control knob B or autotune 
unit B. 


Autotune unit C is a single turn mechanism 
that operates control knob C. It controls the 
major portion of the multielement switch 
S113. (Control E operates the A section of 


the switch.) Through control of this switch, 
control C accomplishes the following: 


Coarse selection of inductance for antenna 
tuning circuits of transmitter. 


Coarse selection of capacity for antenna 
tuning circuits of transmitter. 


These functions are performed by operation 
of the multielement network switch sections 
S113B, S113C, and S113E, shown in the 
illustration. The switch has 13 positions. In 
the first position, all of the inductance L113 
is in the circuit. By the time position 7 is 
reached, L113 is completely shorted out. 
L118 remains shorted out in positions 7 
through 13. After position 7, various com- 
binations of ceramic padder capacitors are 
placed in the circuit for each position. 


The electrical portion of the autotune 
system is shown in schematic form. $108 is 
the channel selector switch. It is connected to 
S109, the autotune seeking switch which, in 
turn, controls the motor B101 which operates 
the autotune units. 

A step-by-step explanation of what happens 
in the autotune system each time the selector 
switch is changed from one position to another 
is incorporated in the functional diagram. 
Follow the steps by reading from 1 to 2A, 2B, 
and 2C — then from 2A to 3A, 3B to 4, etc.; 
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$112 - FORWARD LIMIT SWITCH SECTION 
$113D - KEYING INTERLOCK SWITCH 


Schematic Diagram of Autotune Circuit 
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AUTOTUNE CYCLE IS NOW 
COMPLETE. MOTOR TORQUE 
RETAINER RESISTOR, R115, 

ALLOWS JUST ENOUGH CURRENT 
TO FLOW IN MOTOR, B101, TO 
PROVIDE A POSITION RETAINING 
TORQUE TO THE AUTOTUNE UNITS. 


CONTACTS 1 AND 2 OF REAR 
LIMIT SWITCH SECTION, S111, 
CLOSE INTERLOCK CIRCUIT OF 
KEYING RELAY, K102, AND 
DYNAMOTOR INPUT RELAY K2703. 


REAR LIMIT SWITCH SECTION, 
$111, IS OPERATED PLACING 
MOTOR TORQUE RETAINER 
RESISTOR, R115, IN CIRCUIT 

BY OPENING CONTACTS 2 AND 3 
CAUSING MOTOR, B101, TO STOP. 


ALL TUNING ELEMENTS ARE 
POSITIONED BY STOP RINGS AS 
SWITCH OPERATING ARM MOVES 
TOWARD REAR LIMIT SWITCH 
SECTION, $111. 


FORWARD LIMIT SWITCH 
SECTION $112 RECLOSES AS 
SWITCH OPERATING ARM MOVES 
TOWARD REAR LIMIT SWITCH 
SECTION $111. 


MOTOR CONTROL RELAY, K101, 
WHEN OPERATED DISABLES KEYING 
RELAY, K102, AND DYNAMOTOR 
INPUT RELAY, K2703, PREPARATORY 
TO RELEASE OF REAR LIMIT SWITCH 
SECTION, $111. 


MOTOR CONTROL RELAY, 

K101, REMAINS OPERATED 
THROUGH THE RELAY 

HOLDING CONTACTS, 5 AND 6. 


CONTACTS 1 AND 2 OF REAR 

LIMIT SWITCH S111 OPEN DISABLING 
KEYING RELAY K102, AND DYNAMOTOR 
INPUT RELAY, K2703 CONTACTS 2 AND 
3 SHORT MOTOR TORQUE RETAINER 
RESISTOR R115, PREPARATORY TO 
RELEASE OF MOTOR CONTROL RELAY K101. 


AUTOTUNE SEEKING SWITCH, 
$109, REMAINS AT REST FOR 
DURATION OF AUTOTUNE CYCLE. 


MOTOR CONTROL RELAY, K101, 
OPENS REVERSING MOTOR, B101, 
STOPPING ROTATION OF CIRCUIT 
SEEKING SWITCH. 


OPERATOR TURNS CHANNEL 
SELECTOR SWITCH, S108, 
TO CHANNEL DESIRED. 


GROUND CIRCUIT THRU 
CONTACTS ON LOCAL-REMOTE 
$107, AUTOTUNE SEEKING 
SWITCH, S109, AND KEYING 
RELAY, K102, CLOSES MOTOR 
CONTROL RELAY K101. 


MOTOR, B101, STARTS 
CAUSING REAR LIMIT SWITCH 
SECTION, S111, TO RETURN 

TO THE UNOPERATED POSITION. 


LIMIT SWITCH OPERATING 
ARM OPENS FORWARD LIMIT SWITCH 
SECTION, $112, REMOVING 
HOLDING CIRCUIT FROM MOTOR 
CONTROL RELAY K101. 


AUTOTUNE SEEKING SWITCH, 
$109, ROTATES UNTIL IT 

COMES TO SAME POSITION AS 
CHANNEL SELECTOR SWITCH, $108. 


FRONT VIEW 


BOTTOM VIEW 


Control Box 


at the same time trace the electrical circuits. 
Note that the current through the field of the 
motor is constant and does not change 
direction. 


AUTOMATIC TUNING 


The Collins system just studied does not 
qualify completely as automatic tuning. Each 
channel of the Collins transmitter first has to 
be- tuned manually. After the channel fre- 
quency has once been set, the autotune restores 
the tuning each time that a channel is selected 
by the selector switch. In the system you will 
now study, the tuning is automatically based 
on the frequency of a crystal. 


Control Box 


In this system, as in the Collins system, the 
tuning elements are adjusted by means of a 
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motor, but the channels are not preset. Each 
channel selector switch — there are eight of 
them, as shown — serves to place a different 
crystal into the transmitter circuit. For each 
channel, the transmitter operates on the 
eighteenth harmonic of the crystal frequency. 
When a channel selector switch is operated, 
the tuning motor drives the variable tuning 
elements until resonance is reached. At that . 
point, a switching circuit, arranged to operate 
at resonance, causes the tuning motor to lose 
control of the tuning elements. The tuning 
elements remain on the resonant settings. 
Thus the transmitter stands tuned. If an- 
other channel is selected by use of the selector 
switch, the tuning process repeats itself for 
that channel. 


The control box permits remote control of 


Control Box Side Cover Removed 


the entire equipment. The channel selector 
switches are lettered A through H. Pressing 
any channel selector button starts the equip- 
ment. Pressing the button places the channel 
crystal in the circuit, tunes the transmitter 
circuit to the eighteenth harmonic of the 
crystal frequency, and places both receiver and 
transmitter into operation simultaneously. 
The microphone and headset are connected 
into the mic and tel jacks on the bottom of the 
control unit. The tone button provides for 
tone keying. The headset is connected to the 
receiver except when either the push-to-talk 
button of the microphone or the tone button is 
depressed. Then the headset is connected to 
the transmitter circuit to monitor transmission. 
The off button is used to turn off the equip- 
ment. One large plug (U-16U) in the bottom 
of the control unit provides for all connections 
to the unit. 


Inside the control unit (see illustration with 
side cover removed) is a nine-pole, pushbutton 
switch, controlled by the channel buttons and 
the off button. 
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Power Junction Box 


A power junction box on which are mounted 
two dynamotors, one for the transmitter and 
one for the receiver, provides the high voltage. 
Four plugs, shown in the junction box illus- 
tration, provide connection to the battery, 
transmitter, control box and receiver. Inside 
the junction box are six relays which are 
shown schematically in the push-to-talk cir- 
cuit diagram. There they are designated 
K401, K402, K403, K404, K405, and K406. 
They are associated with the tuning system. 
Their action will be explained in the discussion 
of the push-to-talk circuit. 


Push-to-talk Operation 


Selection of any channel turns on the power. 
When a channel push button is depressed, the 
off switch is released. This closes switch 
S501J, shown in the schematic diagram. 
Relay K401 then operates and connects the 
28-volt supply to receiver and transmitter 
heaters and to the tuning relays. The opera- 


tion of the tuning relays will be discussed later. 
The effect of the 28 volts on these relays is 
to bring about the tuning of the channel. The 
28-volt supply also goes to D402, the receiver 
dynamotor, which supplies the high voltages 
for the receiver plates and screens. By the time 
the tuning is accomplished, the receiver is in 
operation and the transmitter is ready for 
operation. 


In tracing the low voltage circuit through 
the energizing coil of a relay, remember that 
one side of the relay is always connected to 
the 28-volt DC primary power source. The 
other side is then connected to the minus 
side of the power source by connecting it to 
ground. This is so because the negative side 
of the primary source is grounded and when 
the coil is grounded it is, in effect, connected 
to the negative side of the primary source. 


Pressing either the push-to-talk button on 
the microphone or the tone button on the 


control unit connects the circuit to K402, 
K102, K406, and K101. Each then operates. 
Operation of K402 applies 28 volts to D401, 
the transmitter dynamotor. Operation of K102 
allows the application of dynamotor high 
voltage supply to the transmitter plates and 
screens. Operation of K406 switches the 
receiver output from the headsets, connected 
at J503 or J502, to the transmitter sidetone 
output. Operation of K101 switches the 
antenna from the receiver input to the trans- 
mitter output. The equipment is then ready 
for transmitter operation. 


Note that the push-to-talk circuit is not 
confined to any one unit. It extends from the 
control box, through the power junction box, 
and into the transmitter and receiver. Note, 
too, that when the circuits pass from one unit 
to another the connections are indicated on 
the schematic diagram. Refer, for instance, 
to the part of the circuit where the push-to- 
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Top View of Transmitter 


talk button connects to J501. From J501, the 
circuit carries through P501 through circled 
B to P403. This means that the circuit leaves 
the control box in which J501 (the mic jack) 
is located by pin B of plug P501. It then 
enters the power junction box by pin B of 
P403. Follow the circuit along to K102. The 
connection leaves the junction box by pin 16 
of P402. It then enters the transmitter by 
pin 16 of P102. 


The receiver and transmitter have similar 
tuning circuits. Both units have sets of crys- 
tals. Both have a tuning motor to tune the 
circuits to the correct channel frequency. The 
tuning in both units takes place simultan- 
eously. Therefore, the discussion of switching 
and tuning circuits involved in transmitter 
tuning also illustrates receiver tuning. 


Transmitter Control System 


To help in the explanation of the trans- 
mitter control system, a separate schematic 
diagram of the transmitter circuit is given. 
The circuit has been modified, as indicated 
by the notes on the diagram. Methods of 
indicating changes in the drawing can be 
found in TO 16-30ARC3-3. This is quite usual, 
for modifications are often made in equipment 
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after actual field use has indicated a need 
for changes. 

In studying this transmitter diagram, you 
can confine yourself to the switching and 
tuning circuits. The transmitter itself is 
similar to transmitters you already have 
studied. Note the crystals, Y101 to Y108 and 
the associated crystal relays, K109 to K116, 
which select the crystals by means of the 
control exercised by the pushbutton controls 
on the control box. 

Note, too, the tuning motor, B101, which 
tunes the circuit after a crystal has been 
selected. The clutch brake, near B101, repre- 
sents the mechanical part of the tuning 
process. 

Note capacitors C106, C115, C122, and 
C129 across the top of the diagram. As the 
dotted lines indicate, they are ganged for 
simultaneous adjustment. Variation of these 
ganged capacitors accomplishes the tuning 
process. A mechanical arrangement permits 
the tuning motor to adjust the capacitors. 

Finally, note V105. It is called the control 
tube. It is the center of the sensitive switching 
circuit that stops the tuning process at the 
moment that resonance to the eighteenth 
harmonic of the crystal frequency is reached. 


Transmitter Drive Shaft 


Mechanics of Automatic Tuning 


To get a better idea of the physical appear- 
ance of some of these units, look at the 
illustration of the transmitter with the cover 
removed. There, you can pick out the location 
of the crystal relays K109 to K116. You can 
see B101, the tuning motor, and V105, the 
control tube. Note also the cam O101, an 
essential part of the mechanical tuning 


arrangement. 

The variable capacitors are arranged in two 
pairs for adjustment. In the closeup view of 
the drive shaft, the upper capacitor of each 
pair is shown. The capacitors can be located 
in the drive shaft illustration as C122 and 
C106. Each pair is connected to the drive 
shaft by means of a worm gear. Thus, turning 
the drive shaft causes the capacitors to turn. 


Transmitter Clutch-brake Mechanism 
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Receiver Clutch-brake Mechanism 


The next closeup view shows the right end 
of the drive shaft, the clutch brake mechanism 
by which the drive shaft is controlled by the 
motor, and the drive shaft gear housing. Note 
that C106 and the gear by which it is rotated 
are still visible. C122 and its gear are now 
out of the picture. 


To see the clutch-brake assembly more 
clearly, look at the illustration which shows 
it with the gear housing removed. This 
illustration shows the receiver motor. But 
you remember that transmitter and receiver 
mechanical systems are the same. It is simply 
more convenient to use the receiver illustration. 
Note where the driving gear of the motor 
meshes with the drive shaft gear. Note also 
the clutch and brake assembly. Note the 
solenoid relay, K202, and the solenoid arm. 


There is a break in the driving shaft at the 
clutch and brake assembly, marked by two 
facing disks, one at each side of the break. 


They are normally separated by approx- 
imately 0.008 inch. The lower disk is pulled 
down tight against the bracket below it by the 
spring below the bracket. The face of the 
bracket has a friction surface. Thus, when the 
lower disk is against the bracket, it cannot 
rotate. The friction surface of the bracket 
causes the bracket to act as the brake. But 
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when solenoid relay K202 is energized, the 
solenoid arm moves the shaft upwards so that 
the lower disk loses its contact with the face 
of the bracket. Now the lower disk is moved 
upward against the face of the upper disk, 
which also has a friction face. Therefore, when 
the upper disk is being rotated by the motor, 
the lower disk must rotate with it. This is the 
clutch. 

Thus, when tuning begins, clutch action 
takes place and the motor is able to rotate 
the variable capacitors. When tuning reaches 
resonance, K202 is deenergized, brake action 
takes place, and the rotation of the variable 
capacitors comes to a quick halt. 


To follow the electrical action of the tuning 
system, examine the partial schematic shown. 
It shows the ganged tuning condensers, cam 
O101, the clutch-brake, and motor B101. It 
shows V105, the control tube, and V104, the 
power amplifier tube of the transmitter 
circuit. . 

When one of the channel selector switches 
on the control box is depressed, the tuning 
system is started into action. As a result, B+ 
is applied to the transmitter tubes including 
the control tube, V105, and the power ampli- 
fier tube, V104. At the same time the grid and 
cathode of the control tube are grounded 
through action of relay K117. The control 


tube then conducts. Plate current through 
tuning control relay K103 closes the relay 
contact, and allows motor relay K104 and 
clutch solenoid relay K105 to operate. Motor 
relay K104 connects the motor B101 to A+ 
and the motor begins to operate. The clutch 
solenoid relay causes the clutch to engage the 
drive shaft so that the ganged capacitors are 
rotated to tune the circuit. 

Motor relay K103 also grounds the cathode 
of V105 (this ground is shown in the diagram), 
so that the cathode remains grounded even 
when the ground on the cathode and grid 
through K117 is removed. 


The grid of control tube V105 is connected 
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to the grid of the power amplifier tube, V104. 
When the power amplifier draws grid current, 
the voltage drop across R124 and R123 biases 
V105 to cutoff. With the control tube cut off, 
no current flows through relay K103. The 
relay contact opens, causing the motor relay 
K104 and the solenoid relay K105 to open. 
The A+ is removed from the motor and it 
stops. The clutch is removed from the drive 
shaft, and the brake causes the drive shaft 
and the ganged capacitors to stop. Thus the 
tuning process stops. 

The power amplifier draws grid current only 
when the tuned circuits reach resonance. This 
means that when resonance is reached, the 
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Starting Relay Circuit 


ganged capacitors set off a switching circuit 
that stops them right where they are. Tuning 
is completed. 


Note that the cathode of the control tube is 
now connected to A+. This places a safety 
bias on the tube, and prevents it from con- 
ducting again until it is again time for more 
tuning. 

Though K117 was not included in the draw- 
ing, its function in the circuit is important. 
Its action provides the ground for the cathode 
and grid of the control tube, which enables 
the tube to start conducting. Its action also 
removes the ground from the grid before the 
tube is biased to cutoff and stops conducting. 
You can see how K117 operates in the start- 
ing relay diagram. The operation of cam 
O101, shown before but not explained, is also 
illustrated here, and now explained. 
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Starting Relay Operation 


Cam O101 is actually mounted on variable 
capacitor C115, one of the ganged tuning 
capacitors. It is calibrated to show frequency 
and it turns as the capacitor turns. When 
tuning is complete, the indicator shows the 
frequency to which the transmitter is tuned. 
The cam plays a mechanical part in the opera- 
tion of switches S101B and S101A. Note that 
there is a projection on the cam which opens 
each switch in turn as the cam rotates. 


The circuit diagram, as shown, represents 
the condition of the tuned transmitter. Sup- 
pose that the transmitter is now tuned to 
channel G, but you wish to operate on chan- 
nel E. (The crystals and crystal relays of 
these two channels are shown.) You push the 
channel E button. This disconnects crystal G - 
from the circuit, as shown in the diagram. 


But channel G has not yet been connected. 
This means that there is a path to A+ for 
starting relay K107 through the contacts of 
crystal relays K116 and K115. Starting relay 
K107 therefore operates. One of its contacts 
provides a path to A+ for starting relay 
K108. So relay K108 now closes. One of 
its contacts provides a path to A+ for relay 
K117. So relay K117 closes, and its contacts 
provide a ground for the grid and cathode of 
the control tube. These are the grounds, you 
recall, that start the control tube conducting. 


The operation of starting relay K108 has 
now provided a path to A+ for the crystal 
relays. They now operate. This puts crystal 
EK, the crystal selected by the selector push- 
button, into the circuit. It also breaks the 
path to A+ through the crystal relay con- 
tacts which caused starting relay K107 to 
operate. However, K107, by its operation, 
has provided itself with a new path to A+ 
through its own contacts. Relays K107, 
K108, and K117 therefore remain closed. 


Meanwhile the tuning process is going on 
and cam O101 is turning. Control tube V105, 
with its cathode and grid grounded by relay 
K117, is conducting. If the cam arrives at a 
resonant point almost immediately, the power 
amplifier draws grid current, but the grid 
current does not cut off the control tube, 
because the control tube grid is still grounded 
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by action of relay K117. Thus, the cam has to 
make a 360° turn to the same resonant point. 
This means that the projection on the cam 
has to break the contact of switch S101B 
before the control tube can be cut off. Note 
that breaking switch S101B breaks the path 
to A+ through its own contacts for relay 
K107. 


With S101B open, relay K107 opens. This 
causes K108, and K117 also to open and re- 
move the grounds from cathode and grid of 
the control tube. Now when the cam turns 
the capacitor to resonance, the control tube 
will cut off. The tuning for the new channel 
will then be complete. 

Note that the projection on the cam will 
also break the contact of switch S101A. This 
is a precautionary measure. If, for some rea- 
son, the power amplifier should not draw grid 
current, the motor would run indefinitely. 
Switch S101A prevents this. If the cam breaks 
S101A after it has already broken K101B, it 
opens the A+ path for relay K103 in the 
plate circuit of the control tube. (See Basic 
Tuning Control Circuit on page 201.) In 
this way, it releases the clutch and stops 
the motor even if the power amplifier does 
not draw grid current. 


Time Delay Relay Operation 
The time delay relay, in the junction box, is 
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another precautionary measure. If the tubes 
are not warmed up before the control tube 
operates, mistuning may result. T’o provide 
enough time for both transmitter and receiver 
tubes to heat, relays K405, K404, and K403 
are incorporated in the junction box, as shown 
in the time delay relay schematic diagram. 
B+ voltage is applied to plates and screens 
of both the transmitter and the receiver 
through relays K405 and K408, but no cur- 
rent flows to operate the two relays until the 
tubes are warmed up and conducting. When 
the relays operate, one contact of each relay 
shorts the relay itself. Thus, it eliminates the 
voltage across the relay. Another contact of 
each relay provides a path to A+ for relay 
K404, which then operates. The A+ voltage 
then is applied to the heaters of the control 
tube. Thus, the control tube can not be put 
in operation until the other tubes are fully 
warmed up. 


FREQUENCY SYNTHESIS 


In the higher frequency ranges, especially 
in the upper ranges of the VHF band, it is 
difficult to obtain the desired frequency out- 
put and still maintain frequency stability. 
Oscillators which are crystal controlled can- 
not be operated at such frequencies with any 
degree of satisfaction. A crystal ground thin 
enough for such operation would be too thin; 
it would be subject to shattering. 


Yet, crystal control is desirable because it 
gives good stability. A number of different 
methods have, therefore, been devised whereby 
crystal controlled oscillators can be satis- 
factorily used even for upper VHF band opera- 
tion. One such method is called frequency 
synthesis. It uses an autotune system similar 
to the Collins system described before. 


The transmitter consists of a crystal-con- 
trolled frequency generation system followed 
by a preamplifier and a power amplifier unit. 
The transmitter functions are synthesized 
with those of the receiver in the frequency 
generation system. This system converts all 
incoming signals to a final IF for the receiver. 
The only difference is that, in the transmitter, 
the output of a 3.45-mc crystal oscillator is 
used instead of the IF signal and the ampli- 
fiers are arranged to amplify in the opposite 
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direction. The final output is obtained by 
adding the output of a spectrum frequency 
generator and the IF. 


Any one of the output frequencies may be 
selected by properly positioning the three 
switches in the radio set. Actuating any of 
these switches operates the autopositioners 
in the set (autotune). These cause the tuning 
elements and selector switches to be quickly 
adjusted to the necessary positions for opera- 
tion at the desired frequency. 


The system is so set up that the crystals 
operating at frequencies from 3.45 mc to 
34.7 mc, produces frequencies ranging from 
220 mc to 400 mc, in 10-mc steps. This gen- 
erator system is a power amplifier unit. The 
system is called frequency synthesis because 
it employs the heterodyne principle used in 
the heterodyne receiver. The equivalent of 
the receiver IF is provided by a 3.45-mc 
crystal oscillator. The final output frequencies 
are obtained by beating the frequencies 
generated by various crystals and multipliers 
against the 3.45-mc IF frequency. 


You can select any one of the 10 frequencies 
preset on the autotune by turning the channel 
selector switch to the desired channel. You 
can select a frequency manually by adjust- 
ing three controls to settings furnished by a 
frequency chart. 


You can follow the process of high fre- 
quency synthesis in the block diagram. The 
fixed frequency, 3.45-mc crystal D oscillator 
at the right, is the starting point for the forma- 
tion of the transmitter frequencies. The out- 
put of this oscillator is fed to the grid of the 
mixer, labeled mixer 1 in the diagram. The 
grid of mixer 1 is also excited by one of a 
bank of 10 crystal C oscillators operating in 
the frequency range of 8.25 to 9.15 mc. The 
output frequencies of the mixer, depending on 
which of the ten crystals is selected, provide 
a set of ten frequencies ranging from 4.8 to 
5.7 mc in steps of 100 kc. 


The output of mixer 1 is amplified and 
coupled to the grid of mixer 2. Mixer 2 is 
also excited by a crystal oscillator (one of the 
ten crystals in crystal B bank) operating in 
the frequency range, 25.7 to 34.7 mc, by 1-mc 
stages. Here, sum frequencies ranging from 
20 to 30 mc are produced by the mixer. They 
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are amplified by a tunable amplifier before 
being applied to the grid of mixer 4. 

Mixer 4 is also excited by the output of the 
spectrum generating system stretched across 
the bottom of the block diagram. The spec- 
trum generating system starts with a 10-mc 
crystal oscillator. The output of the 10-mc 
crystal oscillator A is coupled to the grid 
circuit of an isolation amplifier. The output 
of the amplifier is, in turn, coupled to two 
following multipliers. One multiplier multiplies 
nine times. Its output is a 90 mc signal. 
This signal is applied to an amplifier stage and 
then to mixer 3. 

Another multiplier is also excited by the 
output of the 10-mc isolation amplifier. The 
plate circuit of this stage has four circuits, 
fixed-tuned to 10, 20, 30, and 40 mc. Any 
one of these frequencies can be selected for 
coupling to the grid of mixer 3. With these 
various frequencies, mixer 3 can produce 
various combinations as follows: 

2 x 90+20=200 mc 3 x 90—40=230 mc 

2 x 90+30=210 mc 3 x 90—30=240 mc 

2 x 90+40=220 mc 3 x 90—20=250 mc 
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3 x 90—10=260 mc 
3 x 90— 0=270 mc 
3 x 90+10=280 mc 
3 x 90+20=290 mc 
3 x 90+30=300 mc 
3 x 90+40=310 mc 


4 x 90—40 =320 mc 
4 x 90—30=330 mc 
4 x 90—20 =340 mc 
4 x 90—10=350 mc 
4x 90— 0=360 cm 
4 x 90+10=370 mc 


Thus the range of 200 mc to 370 mc is cov- 
ered in 10-mc steps. 


As you can see, the output of mixer 3 is a 
mixture of frequencies. To discriminate against 
undesired frequencies and to select the desired 
ones, the output of mixer 3 is amplified by 
a tuned amplifier. It consists of two stages 
with their tank circuits ganged together 
and tuned in 10-mc increments. The rotor 
shaft is driven directly by the decade fre- 
quency control (autotune system), since no 
trimming for the 1-megacycle steps is de- 
sired. Mixer 4, the transmitter mixer, com- 
bines the 200- to 370-mc frequencies and the 
20- to 30-mc frequencies to obtain output 
frequencies in the 220- to 400-mc range. These 
frequencies then go through the usual pre- 
amplifier and power amplifier stages. 


Test equipment is essential to radio main- 
tenance. You have already used some impor- 
tant pieces of test equipment — the multi- 
meter, which is a combination voltmeter, 
ohmmeter, and ammeter, and the tube tester. 
You have also had an introduction to the 
use of the oscilloscope as a test unit. 


Now you will be introduced to some test 
equipment especially useful in transmitter 
operation and maintenance — a simple ab- 
sorption wavemeter, a field strength meter, 
a grid dip meter, a set of Lecher wire lines, 
and a heterodyne frequency meter. But first, 
here are some special applications of the 
oscilloscope for transmitter testing. 


OSCILLOSCOPE 
Modulation Patterns 


An oscilloscope can follow an alternating 
voltage and present it graphically on the 
screen. However, it cannot represent fre- 
quencies beyond the audio range with much 
success. Thus, its usefulness in transmitter 
testing is generally confined to checking audio 
frequencies and modulation. Two types of 
patterns are in general use for checking modu- 
lation. — the trapezoid pattern, and the wave 
envelope pattern. You can see the trapezoid 
pattern at A and the wave envelope pattern 
at B in the illustration on the following page. 


Percentage of amplitude modulation can 
be measured on an oscilloscope by either the 
trapezoid pattern or the wave envelope pat- 
tern. In general, the trapezoid pattern is ob- 
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tained by connecting the modulating AF 
signal to the horizontal deflecting plates and 
the tank output to the vertical deflecting 
plates. The wave envelope pattern is obtained 
by connecting the modulated RF signal to 
the vertical deflection plates and using the 
internal horizontal sweep for horizontal de- 
flection. 


In the illustration showing the method of 
connecting the oscilloscope for trapezoidal 
patterns, notice that the modulating AF 
signal is connected directly to the horizontal 
plates. This is practical where plate modula- 
tion is used, and the modulating voltage is 
high. However, when control grid modulation 
or some other form of low level modulation is 
used, the modulating voltage is not high 
enough to produce a useful sweep voltage. 
Therefore it must be amplified first. Most 
scopes have well designed amplifiers which 
introduce very little distortion at audio fre- 
quencies. Low level modulating voltages can 
then be connected through the horizontal 
amplifier of the scope. This insures a horizontal 
deflection which compares favorably with the 
vertical RF deflection. 


For a wave envelope pattern, the modu- 
lated RF voltage inductively coupled from 
the final amplifier tank in the same way, is 
applied to the vertical plates. No external 
connection is made to the horizontal plates. 
The internal horizontal sweep of the oscillo- 
scope is used for horizontal deflection. 


For trapezoidal patterns, the most satis- 
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factory method of connecting the vertical 
deflection plates to the modulated RF voltage 
source is by means of a pickup loop or small 
coil of wire consisting of several turns. The 
loop is placed near the output transformer of 
the final amplifier stage of the transmitter. 
It is connected to the two vertical plate termi- 
nals of the scope by means of a twisted pair, 
as indicated in the illustration. The amount 
of coupling can be adjusted for a satisfactory 
pattern height on the screen. The audio sweep 
voltage for the horizontal deflection plates is 
connected to the horizontal terminals. The 
sweep voltage is usually taken from the modu- 
lation transformer. The most satisfactory 
method of doing this is to connect a series 
circuit consisting of an audio bypass capacitor 
(0.01 to 0.1 mfd) and a potentiometer (100K 
to 500K) across the secondary. The variable 
tap of the potentiometer is then connected to 
one horizontal plate, and the other plate can 
be connected to ground. The potentiometer 
can then be varied to obtain the desired width 
of the pattern. 


Now consider how the pattern is formed. In 
the two illustrations, you can see how the 
horizontal voltages are utilized to form the 
patterns. In each case, when the AF voltages 
represented by the sine wave are in phase 
with the RF voltage, the AF and RF add, 
increasing the height of the vertical pattern. 
As they go out of phase along the horizontal 
sweep, they cancel, and the vertical ampli- 
tude approaches zero. In the case of the 
wave envelope pattern, the horizontal sweep 
can be adjusted to obtain any number of 
similar patterns on the screen. In the pattern 
shown, the horizontal sweep frequency is ad- 
justed to give a stationary pattern. 


To check percentage of modulation with 
either type of pattern, a comparison must be 
made. The amplitude of the vertical voltage 
supplied by the pickup loop when the carrier 
is unmodulated must be compared to the 
amplitude supplied by the loop when the 
carrier is modulated. For 100 percent modu- 
lation, positive modulation voltage should 
increase the amplitude of the carrier frequency 
to twice its unmodulated height when it is 
maximum positive, and decrease it to zero 
when it is maximum negative. 


A calibrated transparent screen placed over 
the end of the cathode ray tube is valuable 
in figuring the height and the width of all 
types of patterns. 


To set up a standard for comparison, apply 
a voltage of known amplitude to the vertical 
deflection plates. Note the height of the 
resulting pattern in terms of units along the 
vertical axis of the transparent screen. For 
example, if a voltage of 6 volts causes a pat- 
tern one unit high, you know that each unit 
is equal to 6 volts. Now when you apply 
an unknown voltage, note how high the pat- 
tern is in terms of units. Multiply the number 
of units by the voltage that causes one unit 
deflection and the result is the applied voltage 
in volts. The same procedure can be followed 
in calibrating the horizontal axis. 


A B 
100 PERCENT MODULATION 100 PERCENT MODULATION 


C D 
LESS THAN LESS THAN 
100 PERCENT 100 PERCENT 
MODULATION MODULATION 


E é 
OVER 100 PERCENT MODULATION OVER 100 PERCENT MODULATION 


MODULATION 


TRAPEZOID PATTERNS ENVELOPE PATTERNS 


Amplitude Modulation Waveforms 


Waveforms Showing Distortion 


To see how the patterns look for various 
percentages of modulation, examine the illus- 
tration showing the typical waveforms. Those 
for a trapezoidal pattern are at the left, and 
those for a wave envelope pattern, at the right. 


If a pattern similar to the one at C is ob- 
tained when connecting the modulated RF 
voltage and modulating voltage directly to 
the deflections plates, the percentage of modu- 
lation is less than 100 percent. This indicates 
that the amount of audio power developed by 
the modulators is not high enough. It may also 
indicate troubles in the modulation section 
of the transmitter, such as insufficient ampli- 
fication in the various tubes, open bypass 
capacitors, and so on. The pattern at D tells 
the same story by means of the wave envelope 
pattern. 


Overmodulation is shown at E and F. At 
E, the short horizontal line at the right hand 
side of the pattern indicates that the modula- 
tion voltage is excessive on the negative 
peaks. If the over-all height at the highest 
portion is greater than twice the unmodulated 
height, there is excessive modulation on the 
positive peaks. Generally, both conditions 
exist at the same time. The illustration at F 
shows severe distortion of the audio voltage 
as well as overmodulation. Distortion is indi- 
cated by irregularities in the envelope shape. 


Checking Audio Distortion 


The same trapezoid and wave envelope 
patterns can reveal the existence of distor- 
tion. For example, if the sloping sides of the 
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figure at A curve inward at the highest end, 
the plate-modulated amplifier receives in- 
sufficient RF excitation, or its grid bias is not 
correctly adjusted. If the amplifier is grid- 
modulated, the same indications mean that 
excitation, grid bias, or plate loading of the 
stage is not correct. If the same sloping lines 
of the pattern were curved along their full 
length, that would indicate that linearity is 
lacking in the modulated stage. Outward 
curvature with respect to the horizontal axis 
of the pattern may indicate an improperly 
neutralized class C stage. 


However, the patterns that best show dis- 
tortion are not the trapezoidal patterns, or 
the wave envelope patterns. To detect distor- 
tion in either type requires considerable ex- 
perience in interpreting patterns. The simpler 
patterns, such as the patterns illustrating 
grid and plate voltage waveforms, show up 
distortion much more clearly. 


Distortion in the speech amplifier, the 
drivers, and the modulators can be discovered 
by comparing the input voltage waveform 
with the output voltage waveform for each 
stage. As an example, look at the input and 
output waveforms for a speech amplifier 
shown at A and B respectively in the illus- 
tration. For this type of check, the input signal 
should be the output of a sine wave audio 
oscillator. The regularity of form of the sine 
wave makes it easier to detect distortion in 
the output. The amplitude of this wave should 
adjust to a voltage level comparable to that 
of the normal input to the stage from the 
microphone. The test patterns are taken 
from grid to ground and then from plate to 
ground, and applied to the vertical plates 
of the scope. Horizontal sweep is supplied 
by the internal sweep circuit. 


If the grid voltage waveform is a sine 
wave, similar to the one shown at A, and the 
plate voltage waveform is similar to the one 
at B, it is evident that the waveform has 
been distorted between input and output. 
Since the signal voltage is inverted within the 
tube, it is also apparent that the distortion 
occurs during the positive peak of the grid 
voltage swing. It is the negative peak of the 
plate voltage waveform that has been flat- 
tened. The most common cause of this type 


of distortion is improper bias. The tube 
reaches saturation on the positive peaks of 
the grid voltage and consequently the nega- 
tive plate voltage peaks become flattened out. 
This type of distortion in the plate pattern 
may also be due to the grid drawing current. 
However, when the grid draws current, the 
grid voltage waveform is flattened out on its 
positive peaks also. Thus, it is easy to dis- 
tinguish between the two types of distortion. 


ABSORPTION WAVEMETER 


The simplest type of frequency indicating 
device is the absorption wavemeter. This in- 
strument, shown at A of the absorption wave- 
meters diagrams, consists of a coil and a 
variable capacitor. The capacitor dial is 
calibrated. In use, the dial is varied to reach 
the resonant frequency of the circuit being 
tested. When the coil is inductively coupled 
to the tuned circuit of an amplifier and the 
wavemeter is tuned to the frequency applied 
to the amplifier, the wavemeter absorbs a 
small amount of energy from the amplifier 
circuit. The amplifier plate current meter 
then indicates a slight increase in plate cur- 
rent. Since this rise in plate current occurs 
when the wavemeter is tuned to the amplifier 
frequency, the calibration on the wavemeter 
indicates the amplifier frequency. 


There are two disadvantages in using this 
‘nstrument. First of all, it gives only a broad 
indication of frequency, and second, it causes 
a slight detuning of the circuit to which it 
is coupled. Thus, the absorption wavemeter is 
used mainly to determine the approximate 
frequency of a tuned circuit. It might be 
used, for example, to determine whether a 
frequency multiplier stage is doubling or 
tripling the input frequency. 

A more sensitive absorption wavemeter is 
shown at B. The voltage developed across the 
wavemeter tuned circuit is rectified by a 
crystal rectifier, such as a 1N34 germanium 
crystal, and the rectified current is measured 
by the wavemeter’s own milliammeter. Hav- 
ing the milliammeter in the wavemeter cir- 
cuit makes the resonant response to the fre- 
quency to be measured much more apparent. 
It also permits the wavemeter to be used to 
determine the approximate frequency of a 
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circuit that does not contain a meter. By add- 
ing a short antenna, capacitively coupled to a 
suitable point on the coil, this instrument can 
also be used as a field strength meter. 


A field strength meter is used to plot the 
radiation pattern around a transmitting an- 
tenna. To plot such a pattern, the field 
strength meter is first located at a point some 
distance from the antenna. Successive loca- 
tions are then made at intervals of 10° to 
30° apart, moving completely around the an- 
tenna site. The meter reading must be the 
same at each location. This means that the 
distance from the antenna to each location 
will vary. When all of these locations are 
plotted on a map or graph, an over-all pattern 
of the radiation strength in each direction 
from the transmitting antenna is obtained. 
These patterns are useful in locating an an- 
tenna for best operating conditions. They also 
help to determine the effective coverage of a 
transmitter. They are very valuable in deter- 
mining the beam width of beamed trans- 
missions. 


GRID DIP METER 


It frequently is desirable to know the 
approximate frequency of a tuned circuit 
that does not have power applied to it. Such 


Grid Dip Meter 


a measurement can be made by an instrument 
called a grid dip meter. This meter is essen- 
tially an oscillator, as the grid dip schematic 
diagram shows. The variable capacitor of 
the tuned circuit is calibrated in kilocycles 
or megacycles. ‘To make a measurement, the 
coil is coupled inductively to a tuned circuit 
of unknown frequency. Then the variable 
capacitor is turned until grid current, as 
indicated on the meter, decreases. At the 
point of minimum grid current, the circuit 
of unknown frequency is absorbing energy 
from the oscillator circuit. This is the point 
at which both circuits are tuned to the same 
frequency. ‘The dial reading then indicates 
the frequency of the external circuit. 


The grip dip meter is designed so that the 
coil can be easily coupled to a particular cir- 
cuit in a transmitter, if desired. It is usual 
for coils to be of the plug-in type so that 
they can be changed to provide the instrument 
with a wide frequency range. 


LECHER WIRE LINES 


A Lecher wire line is a simple device for 
accurately measuring the output frequency 
of a VHF or UHF transmitter. As shown in 
the illustration, a set of lines consists of a 
pair of bare copper wires, mounted parallel 
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to each other and separated by a distance 
equal to about 2 percent of the shortest wave- 
length to be measured. At one end, the parallel 
wires are connected together by a coupling 
loop. At the other end, the wires terminate 
in turn-buckles by which the wires can be 
tightened. The coupling end of the system 
is insulated from the base. The bar for short- 
ing the wires is fastened to an insulated sliding 
block. The pointer edge on the sliding block 
coincides with the position of the shorting 
bar and slides along a rule, calibrated in 
inches or centimete’s. 


To use the Lecher wire system, couple the 
loop to the transmitter output. Couple, also, 
a small lamp (connected to a two-turn coil 
as shown in the illustration) to the transmitter 
output, so that the lamp will glow when the 
transmitter is operating. Starting with the 
shorting bar as close as possible to the coupl- 
ing loop, move the bar toward the turnbuckles 
until a point is reached where the lamp be- 
comes dim. At this point, the Lecher line is 
resonant to the output frequency and absorbs 
energy from the circuit to be measured. This 
causes the lamp to become dimmer. Here, 
note the reading on the calibrated scale. 


Then continue to move the shorting bar 
in the same direction until another point 
is reached where the lamp dims. This is a 
second resonant point. Note the reading here. 
The distance between the two points of 
dimness is a half wavelength of the measured 
frequency. If the scale is calibrated in centi- 
meters, the frequency can be determined from 
the formula, 


‘15,000 


length between points 
(centimeters) 


f (megacycles) = 


If the scale is calibrated in inches, the for- 
mula becomes, 


5905 


length between points 
(inches) 


Suppose that the scale is calibrated in 
centimeters and the point at which the lamp 
dims first is at 34.4 centimeters. The lamp 
dims again at 72.1 centimeters. The difference 
between these two readings is 37.7 centimeters. 
Substituting in the first formula, 


f (megacycles) = 


PARALLEL 
WIRES 


INSULATING 
BLOCK 


SHORTING 


BULB 


~~ picKUP LOOP 


Lecher Wire Line 


_ 15,000 
Se 


f =398 mc (approximately) 


Once the two points are found at which the 
lamp dims, the amount of coupling between 
the Lecher line and the transmitter output 
should be reduced until only a slight dimming 
of the lamp is visible. With loose coupling, 
the resonant points are more sharply defined. 
This means that measurement can be more 
accurate. 


HETERODYNE FREQUENCY METER 


A heterodyne frequency meter is a con- 
venient instrument for measuring and ad- 
justing the frequency of a transmitter. A 
heterodyne frequency meter can also be used 
in tuning and aligning a communications 
receiver. The frequency range of the instru- 
ment is from 125 to 20,000 kc, covered in two 
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bands. The fundamental frequency on the 
low band can be varied from 125 to 250 kc. 
Since the variable frequency oscillator gener- 
ates a number of harmonics, frequencies from 
125 to 2,000 ke can be generated on the low 
band. The fundamental frequency on the high 
band can be varied from 2,000 to 4,000 kc. 
Since a number of harmonics are also gener- 
ated in this band, it is possible to cover the 
range of 2,000 to 20,000 kc on the high band. 


Within the instrument are a variable fre- 
quency oscillator, a crystal oscillator, and an 
audio amplifier. In addition, one position of 
the operations switch converts the audio 
amplifier to an audio oscillator used to ampli- 
tude modulate the variable frequency oscil- 
lator. Power is supplied by batteries. The 6- 
volt heater supply comes from four 1.5-volt 
batteries. The 135-volt B+ supply comes from 
six 22.5-volt batteries. 


mf 12mmf 


. 


PHONE JACK 


Crystal Oscillator-Frequency Meter BC221 


Crystal Oscillator 


The crystal oscillator stage uses a tube 
which combines a triode section and a hexode 
section. The triode section is used as an oscil- 
lator, and the hexode section as a mixer for 
heterodyning the crystal oscillator frequency 
against the frequency of the variable fre- 
quency oscillator. 


The crystal oscillator, shown in the sche- 
matic diagram, is designed and adjusted to op- 
erate at a frequency of 1 mc. This frequency is 
determined by the 1-mc crystal in the crystal 
circuit. The fixed 6-mmf capacitor in the same 
circuit provides enough minimum capacitance 
for the crystal circuit so that small changes 
in the capacitance of the crystal and holder 
will not appreciably change the frequency of 
the oscillator. For final pn-point accuracy 
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(within 5 cps at 1 mc) the variable 12-mmf 
capacitor is factory set at 20° centigrade. 
Grid leak bias for the oscillator is developed 
across the 1-megohm grid resistor. 

The plate circuit of the oscillator is induc- 
tive, due to the 1-millihenry plate choke. 
Feedback through the grid-to-plate capaci- 
tance is sufficient to start and sustain oscil- 
lations. The oscillator grid is common to both 
sections of the tube (triode-hexode converter). 
As a result, the oscillator frequency is applied 
to the mixer section of the tube and also to 
the antenna through the interelectrode capaci- 
tance between the first and third grid and 
through the 25-mmf coupling capacitor. 

Cathode bias is developed across the 150- 
ohm resistor and the 0.001-mfd bypass capaci- 
tor. 


Variable-Frequency Oscillator 


Variable Frequency Oscillator 


The variable frequency oscillator circuit, 
shown in the schematic diagram, uses an 
electron-coupled Hartley oscillator. The screen 
grid of the 6SJ7-Y tube acts as the plate of the 
oscillator section. The RF variations are by- 
passed around the dropping resistor by a 
0.02-mfd capacitor. Oscillator feedback is 
supplied by the cathode current flowing 
through the lower portion of the 9.2-milli- 
henry grid coil. 

A small amount of cathode bias is developed 
by the 2-k resistor and the 50-mmf filter 
capacitor. Grid leak bias is developed across 
the parallel circuit made up of the 100-mmf 
capacitor and the 150-k resistor. 


In this simplified circuit, the tuned circuit 
capacitance is supplied by four capacitors 
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connected in parallel between the top of the 
grid coil and ground. The 1.5-mmf variable 
capacitor, the corrector, is used in calibrat- 
ing the variable frequency oscillator as ex- 
plained later. A high frequency grid circuit, 
normally a part of this stage, has been omitted 
from the diagram to make the explanation of 
the circuit more simple. 

The variable frequency signal is developed 
across the 50-k and the 18-k plate load re- 
sistors. 


Detector 


The detector section of the frequency meter 
uses the same hexode-triode tube used for the 
crystal oscillator. The hexode section operates 
as a grid leak detector. Two signals, one from 
the antenna and the other from the variable 
frequency oscillator, are applied simultaneous- 
ly to the signal grid. Grid leak bias is developed 


Detector and Amplifier 


across the 1-megohm grid resistor. A small 
amount of additional bias is also developed 
by the 150-ohm cathode resistor and the 
0.001-mfd bypass capacitor. The plate load 
of the detector is a 150-henry choke coil. 
The 0.001-mfd capacitor across this coil by- 
passes the high audio frequencies around the 
plate load. The resultant audio voltage de- 
veloped across the plate load is coupled 
through the 0.02-mfd capacitor to one end 
of the 500-k potentiometer. The variable tap 
of the potentiometer applies the audio voltage 
to the grid of the audio amplifier. 


Audio Amplifier 


The audio amplifier uses a 6SJ7 connected 
as a triode. Three to five volts of cathode bias 
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25mmf 
10mmf 


are developed across the 1-k cathode resistor. 
The audio signals are coupled from the plate 
circuit to low impedance headsets through the 
output transformer. The 0.002-mfd capacitor 
bypasses any high audio frequencies which 
were not bypassed in the plate circuit of the 
detector. 


Audio Oscillator 


Remember that the audio amplifier circuit 
just discussed can be converted to an audio 
oscillator circuit. The audio oscillator sche- 
matic diagram shows how it is done. Feedback 
from the plate circuit of the 6SJ7Y to the 
grid circuit is through the output transformer. 
The primary of the output transformer and 
the 0.002-mfd capacitor form a resonant cir- 


Audio Oscillator 
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cuit whose frequency is 400 cps. Some of the 
varying plate current of the audio oscillator 
flows through the 18-k resistor. This resistor 
is common to the audio oscillator and the 
variable-frequency oscillator. This means that 
the plate voltage of the variable frequency 
oscillator varies at a 400 cps rate. But it is 
also varying at its own oscillator frequency. 
Thus, the 400-cps signal serves to amplitude 
modulate the oscillator frequency. The modu- 
lated signal is coupled to the antenna ter- 
minal post through the 10-mmf and 25-mmf 
capacitors. 


Instrument Panel 


Several models of the Frequency Meter Set, 
SCR221 have long been used by the Air Force. 
The front panel of BC-221-AL is shown to 
illustrate over-all operation of the parts of 
the unit. 


The power switch of this model has a 
WARM UP position. This position, in which 
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only the heater of the variable oscillator is 
connected to A+, was introduced with models 
BC-221-AK, BC-221-AJ, and BC-221-AL. In 
the WARM UP position, heater voltage is 
applied to the variable frequency oscillator, 
if a headset is plugged into one of the phone 
jacks. Note in the variable frequency oscil- 
lator circuit on page 215, that the phone jack 
is part of a switch circuit. The plug closes the 
heater circuit of the tube. Heater voltage is 
the only power applied in the WARM UP 
position. This heats the variable frequency 
oscillator tube before B+ is applied by turn- 
ing the power switch to the ON position. 
Check the over-all schematic diagram also, 
and you’ll find again that the variable oscil- 
lator heater is connected to the A+ power 
source. 


The corrector knob controls the setting of 
the 1.5-mmf variable capacitor shown in the 
variable frequency oscillator diagram on page 
215. It is used in conjunction with the 170- 


mmf capacitor of the same circuit. This 170- 
mmf capacitor is controlled by the large dial 
in the center of the panel. This calibrated dial 
sets the frequency of the variable oscillator. 
The setting is shown in the calibration tables 
furnished with the frequency meter. The op- 
erating instructions are given in the same 
booklet. The corrector is used to adjust dial 
calibration which might result from frequency 
drift in the variable oscillator. The crystal 
oscillator is used to check the variable oscil- 
lator calibration. 

One revolution of the dial units dial moves 
the dial hundreds dial one division. By using 
the vernier graduation on the outer circular 
plate, it is possible to read dial units to one- 
tenth of a unit. If the inner dial has just passed 
the arrow, on a particular setting, you must 
find the vernier mark that lines up with any 
one of the marks on the center dial. The num- 
ber of this vernier mark (counting to the left 
from the arrow) corresponds to the number of 
tenths that the center dial division has 
passed the arrow. 

The frequency band switch is shown in the 
LOW position, just as it was shown in the 
variable oscillator diagram. In the HIGH 
position, a different grid coil and two different 
grid tuning capacitors are connected into 
the grid circuit. (For the sake of simplicity 
these are not shown in the diagram. ) 

The gain control knob is the variable ad- 
justment of the 500-k potentiometer in the 
grid circuit of the AF amplifier shown in the 
diagram on page 216. It controls the strength 
of the signal applied to the amplifier grid. 
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The operations switch is the four-position 
switch in the lower left hand portion of the 
instrument panel. In MOD OSC position, 
the audio amplifier is changed to an audio 
oscillator to modulate the output of the vari- 
able oscillator with a 400-cps signal. 


In the HET OSC position, the variable 
frequency oscillator, the detector, and the 
audio amplifier are operative. Following the 
settings of the calibration book, the variable 
frequency oscillator can be set to heterodyne 
against a signal supplied through the antenna 
by an external oscillator (transmitter). Thus, 
a transmitter can be tuned to a given fre- 
quency by the zero beat method. 


In the xTAL CHK position, the variable 
frequency oscillator and the crystal oscillator 
are operative. The output frequency of the 
variable oscillator can be heterodyned against 
the 1,000-kc output (or a harmonic of 1,000 
ke) of the crystal oscillator. Thus, by using 
zero beat, the calibration of the variable 
frequency oscillator can be checked. 


In the XTAL ONLY position, the crystal 
oscillator, the detector, and the audio ampli- 
fier are operative. This turns the meter into 
a transmitter, radiating the crystal frequency 
from the antenna. Thus, the crystal frequen- 
cy, or a harmonic, can be heterodyned against 
an external frequency. This means that the 
meter can help in tuning an external trans- 
mitter, operating at the crystal frequency or 
one of its harmonics. Since the antenna will 
both radiate the crystal frequency and re- 
ceive the external frequency, the zero beat can 
be checked by a headset plugged into fre- 
quency meter. 


INDEX 


A 
Absorption wavemeter................211 
Accelerator grid...................... 62 


Acorn tube......................000... 55 
Alexanderson alternator............... ll 
Amplifier 
Buffer........... 0.0.00... 0.2. 105 
Class B linear......................140 
Pentode.................... 0002005. 85 
Power........... 00.00 cee eee 8 
Be «oc ncgecamtancaatb away s0ttnsrgns 72 
Speech . _, 1386, 151, 210 
"TOtVOGE «5c ceca aes ub evetubesesunes 85 
Amplitude modulation............5, 6, 131 
AtPenGatiod. ....cacscasctcswavassecr 2 
Audio oscillator....................... 7 
Automatic frequency control...........151 
Automatic fummeg. ......266.--6 000 vaes 193 


Autotune system.....................187 


B 
Back wave............... 0.00.00 eee. 110 
Band pass filter....................... 165 
Bands, frequency..................... 8 
Barkhausen-Kurz oscillator.......... 59, 61 
Be Be, O79 nce dt ikaw kon abosiseouadas 214 
ci 18, 38, 43, 74, 79, 93 
Bias isolator circuit................... 115 
Blocked-grid Keying................... 112 
Blocking oscillator.................... 61 
Buffer amplifier.................... 81, 103 
C 
Calibration table...................... 103 
Capacitance of tank................... 54 
Carrier........... 0.0.0.0 cee eee 6 
Catcher grids....................0.... 63 
Cavity resonator..................... 65 
Choke input filter..................... 119 
Circuit: 
Balanced..................0....00... 83 
Ce 181 
Filter stom ewaer es 114, 118 
Fundamental oscillator | 


Oscillatory ... 0 ccc ee eee 20 
Phantom..........................5. 167 
Resonant..............22.-.-.-0-2. SL 
"Tank... ..4co«ssseees ede bine» 11, 20, 27 54 
"TYG, . cn we ec ba cca e sci wnvivnaares 11 
Tuned grid oscillator................ 15 
Bias isolator............0.......... 115 
Classes of operation: 
Clase Bc occ coc ac eoesnenevecenens 140 
la6e Cog. cccwunowcdebausedntevas ia, 14 
Colpitts oscillator..................... 27 
Control devices................... 121, 124 
Constant frequency-variable dot........ 6 


Continuous wave.....................5, 7 
Copper oxide rectifier.................117 


Coupling: 
Adjustment in MOPA............... 104 
Capacitive......................... 95 
Coefficient of...................... 96 
Critieal, ......-2cccceseseevuvawrnas 96 
Inductive........................0.. 96 
In MOPA..................0....... 94 
| 96 
To cavity resonator................. 68 
Crosstalk..............0..0.....00004. 161 
Crystal Cuts... 0.6.00 00 csc tera vcasu ness ol 
Crystal oscillator:.................81, 214 
Feedback actionin.................. 37 
Pentode........... eee eed neneees oe 38 
Phase relationships in............... 36 
So a eer ee ee 39 
Push-pull pentode................... 42 
D 
Dielectric losses...................... 57 
Direct wave..................0..0.05. 2 
Distorfion . .4 ck co vias nse des cs wees us 21) 


Distributed capacitance............. 
Doorknob tubes...................... 55 
Double-ended stage................... 88 
Dovible?.. 4c c cons ccuawuevewaesecuyeds 106 
Driver stage....................... 78, 98 
Driver transformer...................187 
Dry disk rectifier..................... 117 


~Dynamotor . ail a had 129 
_ Dynatron sacillahee, Se Patana Oa eeeahas 46 
E 
Eddy current losses................... 57 
Electron-coupled oscillator............. 39 
Electron orbit oscillator . . 24 
Electron tube Keying . 118 
Equalizer . .165 


F 
Facsimile transmission................ 


Feedback: 


In crystal oscillator................. 3D 
Positive............00.. 00000000005. 18 
Regenerative....................... 249 
Voltage... 0... 00.000. at 
PuUSMONE. «ccc w dead ev Badman nude 117 
Filter circuits 118 
PUGS 2 noo as been us de weet bbmdng enna we 164 
Flywheel effect....................... 78 
Formulas for: 
Capacitance of tank................. 54 
Coefficient of coupling . 96 
Critical coupling.................... 96 
Depth of current (skin effect)... ...... 56 
Feedback voltage . 29 
Lonel fonpedlamse:. «oc ucs vcuvstecc vee. fis 
Operating frequency................. 24 
Percentage of modulation............188 
Percentage of regulation............. 119 
\) GF @ CICUIE . cn ce ec ce een aaees Zl, 22 
Reflected impedance................. ri 
Resonant frequency................. 13 
Wavelength........................ 2 
Frequency: 
Bands . 45s ck eee ew ese uevagenswranca © 
Meter.....................00.. 104, 213 
Of oscillation. .................... 30, 55 
Operating.......................... 24 
Resonant.......... . Is 
Modulation...................... 5, 148 
Multiplier........ 8, 105 
Bynthesis. . 2 ce enc cede sewnsdawees 204 
G 
Grid: 
Accelerator.....................000.. 62 
Buncher......................2.05. 62 
Catcher . . 63 
Leak... 0. eee 15, 18 


Modulation........................189 
Neutralization...................... 83 
Grid dip meter............ 211 
Grounded-grid maples a, . 87 
Ground-reflected wave................. 3 
Ground wave......................... Bs o 
H 
Harmonic oscillator................... 108 
Hartley oscillator..........25, 90, 150, 215 
High frequency band.................. 4 
High level modulation.................1384 
High pass filter...............0.0..... 165 
High voltage Keying..................112 
I 
Interlock switch...................... 121 
Interstage transformer................187 
Ionosphere.......................0... 3 
K 
Key Cheeks... . 0 cc eee ab ee nucusweaee 110 
Keying... ....0...... 0200000000 cee. 110 
Klystron tube...................... 65, 69 
L 
Lecher lines...................0..0.... zie 


Line-of-sight transmission.............. 8 
Load: 


Effect of... 2.0... ee. 23 
Inductive........................0.. at 
Resistive...............0 00.00.0000. ot 
Load impedance................ 75, 94, 101 
Loading coils.....................2... 159 
Losses. .......... 20.0.0 eee eee eee ee of 
Low frequency band................... 3 
Low level modulation.................. 134 
Low pass filter.......................165 
M 
Magnetron........................ 24, 169 
WE W 5 cea vw bw ede ee buvdenasaniwnas 7 


Medium frequency band............... 8 

Meter: 
Frequency.....................104, 213 
Grid 
Grid dip 
Placement in MOPA.............97, 102 
Plate current 

Modulation: 
Amplitude.......................5, 181 


PYO@QUENICY . ke cet eee uaeees dD, 148 
Grid..... 0... ee 139 
High level..................00....... 134 
it a ee 148 
Low level..........................184 
Patterns................0 2.0 0.0.004: 207 


Percentage of..................1838, 209 


Phase.................. 000... 000005 153 
PUG s o.0-oo $04 SEER be aOR 4 HEE ES 134 
Plate and screen.................... 138 
oe a rr 140 
Screen grid......................... 139 
Suppressor grid..................... 140 
Transformer.......................186 
MOPA........ .........0...000.04. 91, 103 
Multiplex........................ 143, 145 
Multiplher, frequency................ 8, 105 
Multivibrator........................ 49 
N 
Negative grid oscillator................ 24 


Negative resistance oscillator....... .44, 47 
Neutralization: 


Grid... ee 83 
Meters used in. .. 84 
Of MOPA....................... 93, 101 
Plate..... 82 
Push-pull... ... . 83 
Noise... ...... 0... ee 163 
O 
Oscillator: 
CAs |) ar 7 
Barkhausen-Kurz................. 59, 61 
Blocking........................... 51 
Classification....................... 24 
COUGHS. gw ew eewevanestavae BE 
Coryetal. ccc cee eee werewuese 31, 34, 214 
LIVOTTON 0c cass awn wicks aweasbarnus 46 
Electron-coupled.................... 3g 
Electron orbit...................... 24 
Fundamental circuit................. 11 
Harmonic.............000ee ee ev auee 108 
Hartley................. 25, 90, 150, 215 
Multivibrator...................... 49 
Negative grid... ................0.... 24 
Negative resistance... ... 44,47 
Pierce............... 39, 108 
Positive grid....................... 59 
Push-pull... hc cv ee awe a ces wecnes 2 
Spark GA... ncn iccunsuecvtarervnds 11 


Zea 


"POWE . 6 ce ewes eve bends gbinen cheese 7 
Tuned grid................... 15, 19, 25 
Tuned plate tuned grid...........29, 74 
Ultraudion . pa eeeesekeeawnaccen S 
Ultra high frequency................ 54 
Variable frequency.................. 215 
Oscilloscope..................0........ 207 
Over-modulation...................... 134 
P 
Parallel feed.................0........ 19 
Parallel operation..................... 80 
Parasitic oscillation................... 88 
Parasitic Suppressor.................. 90 
Percentage of modulation.......... 133, 209 
Phantom circuit......................167 
Phase modulation..................... 153 
Phase relationship..................15, 37 
Pierce oscillator......... 38, 108 
Piezo-electric properties............... 381 
Plate and screen modulation...........1388 
Plate dissipation...................... 78 
Plate efficiency....................... 78 
Plate load.....................75, 79, 106 
Plate modulation.....................184 
Plate neutralization................... 82 
Positive feedback...... 18 
Positive grid oscillator................ 89 
Poulsen arc transmitter.......... 11 
Power amplifier....................... 8 
Power supply....................116, 124 
Pulse modulation.....................140 
Push-pull: 
Neutralization...................... 83 
Operation.....................00... 80 
Oscillator... ....................... 41 
Q 
Q (figure of merit)..........21, 57, 66, 151 
Quarter-wave lines.................... 66 
Quartz crystal....................00... 31 
R 
Radiation losses...................... 57 
Radio frequency amplifier. ...... 72, 80, 85 
Radio frequency spectrum. . . 3 
Radio range transmitter... ............ 6 
Radiotelegraphy...................... 5 
Radioteletype........................ 5 
Radio waves............... 0 ......00.2. 1 
Reactance tube modulator.............149 


Reamplification....................... 17 
Receiver............... 0.000000 ce eee. 9 
Rectifier tubes........................ 116 
Reflected impedance................... 76 
Reflected resistance................... 76 
Reflex klystron....................... 69 
FRGIVACTION.. .. nec eccseasvewaaeedrasae O 
Regeneration....................... 18, 24 
Regulation...............0... 0.0000... 119 
Relays. | 122, 124, 202, 203 
Remote control svabenn . yee euee a eaebe es 168 
Repeating coil........................ 166 
Resonant frequency................. 13, 21 
S 
Safety bias.................. 00.00.04. 80 
Safety devices........................ [Al 
Screen grid modulation. . .189 
Selenium rectifier. . . res & 
Series feed..........0....00..00.... 19, 26 
Shunt feed................0..00.... 19, 26 
Sidebands........................0040. 133 
Simplex circuit . .166 


Singloendad stage. Lees swretennturacrnae OD 
Single sideband Enancaudssion. tue pes es 
Skin effect........................... 56 
Bly waren... padded Gn eegee ceeaeiiescen © 


Smoothing dhclea. rau ae pau pe canngeeteees 119 
Spark gap oscillator................... ii 
Spectrum, radio frequency... 3 
Speech amplifier.............. 136, 151, 210 
Spiral-four cable...................... 160 
Super high frequency.................. 5 
Suppressor grid modulation............140 
Surface waves.................0.000- a 
Swinging choke... . vee gnweeewnnnanbl® 
Sync pulse.................... 53, 140, 146 
Synthesis, frequency... . .. 204 
T 

"Pank Cireuit......sasessecuwwes 11, 20, 27 
Teletypewriter printer................ 7 
Television................. 0... .00000. 7 
Temperature: 

Bi) es a re Ws 

BOGE OF. cc ck sk wee ews eeswok desu 22 
Tetrode.......... 0.0.0.0... 0002 ee. 47 
Thermostat... ..... 0.0... 000 eee ueee 122 
Time constant........................ 19 
Tone oscillator..................... 1, Lor 
Transformer..... ..118, 1386 


"EYOUWSIONE oc gc cs ove etwcavwatdedectnens 110 
Transit time. . aT 
‘Transmission: 
DMG nc peace readescdank vanue buunnae of 
Line-of-sight eeserce © 
Losses......... 00.00.0000. 0. 158 
Transmitter: 
Complete... . . 10 
Facsimile.......................... 8 
Low frequency...................... 5 
MOPA.........................91, 108 
PYACTIOAL.<.ciawunceananvusausegawes 9 
Radio range........................ 6 
PIMIDIG. . 6 ce cease ese uneevaavureunues 9 
VHF-UHF....................0..... 7 
"EYWOGG, cn ccuiavv+caeesadeveanserars 54, 87 
Tripler. . 108 
‘Tubes: 
Acorn. . Sm ke Wace eu te vawswamenese OO 
Klystron............... 000... 000... 65 
Magnetron......................... 69 
Rectifier.............00.. 00.0000... 116 
Reflex klystron..................... 69 
Tetrode.............. 00.0000... 0048. 47 
Triode..............0 00.00.00 005. 54, 87 
Velocity-modulated................. 62 
Tuned grid oscillator................ 18, 20 
Tuned plate tuned grid oscillator....... 29 
Tuning: 
Crystal oscillator... ......s00ees550- 34 
MOPA............0.. 00.0000. 00 004. 103 
U 
Ultraudion oscillator... . . 42 
Ultra high frequency: 
i 5 
Oscillator... .. 0 cscs cece eenswasansns 54 
V 
Variable frequency oscillator...........215 
Velocity-modulated tubes.............. 62 
Very high frequency band.............. 4 
Very low frequency band. . 3 
Vestigial sideband transmission........ 148 
Virtual cathods, 1... 6 0kseceeveecvare 40 
W 
Waveform: 
Modulation . ne | 
Multiplex...........0........0.0.... 145 
Wavelength, formula for............... y 
Wavemeier......................0000. 211 


AIR FORCE — UNIVERSAL PRINTING CO., ST. LOUIS, MO. — OCT 1953 — 3,950 COPIES — 228 PAGES 


